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ABSTRACT 

These lectures are intended to provide an introduction to heavy meson de- 
cays and CP violation. The first lecture contains a brief review of the 
standard model and how the CKM matrix and CP violation arise, mixing 
and CP violation in neutral meson systems, and explanation of the clean- 
liness of the sin 2/3 measurement. The second lecture deals with the heavy 
quark limit, some applications of heavy quark symmetry and the operator 
product expansion for exclusive and inclusive semileptonic B decays. The 
third lecture concerns with theoretically clean CP violation measurements 
that may become possible in the future, and some developments toward a 
better understanding of nonleptonic B decays. The conclusions include a 
subjective best buy list for the near future. 
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1 Introduction to Flavor Physics: Standard Model Re- 
view, Mixing and CP Violation in Neutral Mesons 



1.1 Motivation 

Flavor physics is the study of interactions that distinguish between the generations. In 
the standard model (SM), flavor physics in the quark sector and CP violation in flavor 
changing processes arise from the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing 
matrix. The goal of the B physics program is to precisely test this part of the theory. 
In the last decade we tested the SM description of electroweak gauge interactions with 
an accuracy that is an order of magnitude (or even more) better than before. In the 
coming years tests of the flavor sector and our ability to probe for flavor physics and 
CP violation beyond the SM may improve in a similar manner. 

In contrast to the hierarchy problem of electroweak symmetry breaking, there is 
no similarly robust argument that new flavor physics must appear near the electroweak 
scale. Nevertheless, the flavor sector provides severe constraints for model building, 
and many extensions of the SM do involve new flavor physics near the electroweak scale 
which may be observable at the B factories. Flavor physics also played an important 
role in the development of the SM: (i) the smallness of — mixing led to the 
GIM mechanism and a calculation of the charm mass before it was discovered; (ii) CP 
violation led to the KM proposal that there should be three generations before any third 
generation fermions were discovered; and (iii) the large B^ — B^ mixing was the first 
evidence for a very large top quark mass. 

To test the SM in low energy experiments, such as B decays, the main obstacle is 
that strong interactions become nonperturbative at low energies. The scale dependence 
of the QCD coupling constant is 

= — ar-r—fr + ■■■ ■ (1) 

This implies that at high energies (short distances) perturbation theory is a useful tool. 
However, at low energies (long distances) QCD becomes nonperturbative, and it is 
very hard and often impossible to do reliable calculations. There are two scenarios in 
which making precise predictions is still possible: (i) using extra symmetries of QCD 
(such as chiral or heavy quark symmetry); or (ii) certain processes are determined by 
short distance physics. For example, the measurement of sin 2/3 from B — > i/jKs is 
theoretically clean because of CP invariance of the strong interaction, while inclusive 
B decays are calculable with small model dependence because they are short distance 
dominated. These will be explained later in detail. Sometimes it is also possible to 
combine different measurements with the help of symmetries to eliminate uncalculable 
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hadronic physics; this is the case, for example, in K ttuu, which is theoretically 
clean because the form factors that enter this decay are related by symmetries to those 
measured in semileptonic kaon decay. 

These lectures fall short of providing a complete introduction to flavor physics and 
CP violation, for which there are several excellent books and reviews. ^"^ Rather, I tried 
to sample topics that illustrate the richness of the field, both in terms of the theoreti- 
cal methods and the breadth of the interesting measurements. Some omissions might 
be justified as other lectures covered historical aspects of the field,^ lattice QCD,^° 
physics beyond the standard model,^^ and the experimental status and prospects in fla- 
vor physics. ^^"^^ Unfortunately, the list of references is also far from complete. This 
writeup follows closely the actual slides shown at the SLAC Summer Institute. 



1.2 Standard model — bits and pieces 

To define the standard model, we need to specify the gauge symmetry, the particle 
content, and the pattern of symmetry breaking. The SM gauge group is 

SU{3)c X SU{2)l X U{1)y • (2) 

Of this, SU{3)c is the gauge symmetry of the strong interaction, while SU{2) lxU 
corresponding to the electroweak theory. The particle content is defined as three gener- 
ations of the following representations 

Ql(3, 2)1/6, «i?(3, 1)2/3, c?i?(3, l)-i/3, 

Li(l,2)_i/2, ^r(1,1)-i, (3) 

where Ql and Lz, are left-handed quark and lepton fields, and ur, dn, and Ir are 
right-handed up-type quarks, down-type quarks, and charged leptons, respectively. The 
quantum numbers in Eq. (3) are given in the same order as the gauge groups in Eq. (2). 
Finally the electroweak symmetry, SU{2)l x f/(l)y, is broken to electromagnetism, 
t^(l)EM. by the vacuum expectation value (VEV) of the Higgs field, 0(1, 2)1/2, 

where v 246 GeV. Once these ingredients of the SM are specified, in principle all 
particle physics phenomena are determined in terms of 18 parameters, of which 10 
correspond to the quark sector (6 masses and 4 CKM parameters). 

Some of the most important questions about the SM are the origin of electroweak 
and flavor symmetry breaking. Electroweak symmetry is spontaneously broken by the 
dimensionful VEV in Eq. (4), but it is not known yet whether there is an elementary 
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scalar Higgs particle corresponding to 0. What we do know, essentially because v is 
dimensionful, is that the mass of the Higgs (or whatever physics is associated with 
electroweak symmetry breaking) cannot be much above the TeV scale, since in the 
absence of new particles, scattering of W bosons would violate unitarity and become 
strong around a TeV. In contrast, there is no similar argument that flavor symmetry 
breaking has to do with physics at the TeV scale. If the quarks were massless then the 
SM would have a global U{3)q x U (3)„ x U (3)^ symmetry, since the three generations 
of left handed quark doublets and right handed singlets would be indistinguishable. 
This symmetry is broken by dimensionless quantities (the Yukawa couplings that give 
mass to the quarks, see Eq. (7) below) to U{1)b, where B is baryon number, and 
so we do not know what scale is associated with flavor symmetry breaking. (For the 
leptons it is not even known yet whether lepton number is conserved; see the discussion 
below.) One may nevertheless hope that these scales are related, since electroweak 
and flavor symmetry breaking are connected in many new physics scenarios. There 
may be new flavor physics associated with the TeV scale, which could have observable 
consequences, most probably for flavor changing neutral current processes and/or for 
CP violation. 

The most important question in flavor physics is to test whether the SM (i.e., only 
virtual quarks, W, and Z interacting through CKM matrix in tree and loop diagrams) 
explain all flavor changing interactions. To be able to answer this question, we need 
experimental precision, which is being provided by the B factories, and theoretical 
precision, which can only be achieved in a limited set of processes. Thus, the key 
processes in this program are those which can teach us about high energy physics with 
small hadronic uncertainties. 

The SM so far agrees with all observed phenomena. Testing the flavor sector as 
precisely as possible is motivated by the facts that (i) almost all extensions of the SM 
contain new sources of CP and flavor violation; (ii) the flavor sector is a major con- 
straint for model building, and may distinguish between new physics models; (iii) the 
observed baryon asymmetry of the Universe requires CP violation beyond the SM. If 
the scale of new flavor physics is much above the electroweak scale then there will be 
no observable effects in B decays, and the B factories will make precise SM measure- 
ments. However, if there is new flavor physics near the electroweak scale then sizable 
deviations from the SM predictions are possible, and we could get detailed information 
on new physics. So the point is not only to measure CKM elements, but to overconstrain 
the SM predictions by as many "redundant" measurements as possible. 

1.2.1 Flavor and CP violation in the SM 

The SM is the most general renormalizable theory consistent with the gauge symmetry 
and particle content in Eqs. (2) and (3). Its Lagrangian has three parts. (The discussion 
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in this section follows Ref. [7].) The kinetic terms are 

1 

"i 



>Ckin = -^ E {F^.r+E^iP^^ (5) 

groups rep's 



where = d^,+igsGlL''+igWlT^+ig'B^Y . Here L„ are the SU{'i) generators (0 for 
singlets, and the Gell-Mann matrices, Aa/2, for triplets), are the SU (2) l generators 
(0 for singlets, and the Pauli matrices, Ta/2, for doublets), and Y are the U{1)y charges. 
The {F^j^Y terms are always CP conserving. Throughout these lectures we neglect a 
possible (^^QCD/167r^)F,„^F''^ term in the QCD Lagrangian, which violates CP. The 
constraints on the electron and neutron electric dipole moments imply that the effects of 
^QCD in flavor changing processes are many orders of magnitude below the sensitivity 
of any proposed experiment (see Ref. [17] for details). The Higgs terms, 



'Higgs 



cannot violate CP if there is only one Higgs doublet. With an extended Higgs sector, 
CP violation would be possible. Finally, the Yukawa couplings are given by 

(7) 

where i, j label the three generations, and the superscripts I denote that the quark fields 
in the interaction basis. To see that CP violation is related to unremovable phases of 
Yukawa couplings note that the terms 

Yij i^i (f) i^Rj + Y*^ iJ^j 0^ ijLi , (8) 

become under CP transformation 

Yij i^j 0^ ipLi + Y*j i^Rj . (9) 

Eqs. (8) and (9) are identical if and only if a basis for the quark fields can be chosen 
such that Yij = Y*j, i.e., that Y^j are real. 

After spontaneous symmetry breaking, the Yukawa couplings in Eq. (7) induce 
mass terms for the quarks, 

-Cmass = -(M,),, - (M„),, ^4^. - (M,),, 44 + h.C. , (10) 

which is obtained by replacing with its VEV in Eq. (7), and Mf = (v/V^) Y^ , where 
/ = u,d,i stand for up- and down-type quarks and charged leptons, respectively. To 
obtain the physical mass eigenstates, we must diagonalize the matrices Mf. As any 
complex matrix, Mj can be diagonalized by two unitary matrices, Vf l,r, 

Mf'^ = VfLMfV}j,. (11) 
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In this new basis the mass eigenstates are 

fu = {VfL)ij fij , fm = {VfR)ij fjij . (12) 

We see that the quark mass matrices are diagonalized by different transformations for 
ULi and du, which are part of the same SU (2) l doublet, Ql, 

-(VlL)Jn. . V (13) 




The "misalignment" between these two transformations, 

Vckm = V^lVJ^, (14) 

is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. ^^'^^ 

This transformation makes the charged current weak interactions, that arise from 
Eq. (5), appear more complicated in the new basis 



sl 



+ h.c., (15) 



where = (W^^W^) / V2. As an exercise, show that the neutral current interactions 
with the remain flavor conserving in the mass basis. (This is actually true in all 
models with only left handed doublet and right handed singlet quarks.) Thus, in the 
SM all flavor changing processes are mediated by charged current weak interactions, 
whose couplings to the six quarks are given by a three-by-three unitary matrix, the 
CKM matrix. 

As an aside, let us discuss briefly neutrino masses. With the particle content given 
in Eq. (3), it is not possible to write down a renormalizable mass term for neutrinos. 
Such a term would require the existence of a l)o field, a so-called sterile neutrino. 
Omitting such a field from Eq. (3) is motivated by the prejudice that it would be un- 
natural for a field that has no SM gauge interactions (is a singlet under all SM gauge 
groups) to have mass of the order of the electroweak scale. Viewing the SM as an low 
energy effective theory, there is a single type of dimension-5 terms made of SM fields 
that are gauge invariant and give rise to neutrino mass, ^^Fj^LjLj00, where Anp is a 
new physics scale. This term violates lepton number by two units. The suppression of 
this term cannot be the electroweak scale, -, instead of -i^—, because such a term in the 
Lagrangian cannot be generated from SM fields at arbitrary loop level, or even nonper- 
turbatively. (The reason is that such a mass term violates B — L, baryon number minus 
lepton number, which is an accidental symmetry of the SM that is not anomalous.) The 
above imply that neutrinos are Majorana fermions, since the mass term couples the field 
ul to {i'lY and not to [the latter occurs for Dirac fermions, see Eq. (10)]. It can be 
shown that Y^j has to be a real symmetric matrix. 
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Fig. 1. Sketch of the unitarity triangle. 



1.2.2 The CKM matrix and the unitarity triangle 

The nine complex entries of the CKM matrix depend on nine real parameters because 
of unitarity. However, five phases can be absorbed by redefining the quark fields. Thus 
we are left with four parameters, three mixing angles and a phase. This phase is the 
only source of CP violation in flavor changing transitions in the SM. A cleaner way to 

count the number of physical parameters is to note that the two Yukawa matrices, Y^^j'^ 
in Eq. (7), contain 18 real and 18 imaginary parameters. They break global U{3)q x 
U{3)u y<U{3)d symmetry to [/( 1)^, so there is freedom to remove 3x3 real and 3x6 — 1 
imaginary parameters. This leaves us with 10 physical quark flavor parameters: 9 real 
(6 masses and 3 mixing angles) and a complex phase. In the case on generations, 
the CKM matrix depends on N{N - l)/2 mixing angles and {N - 1){N - 2)/2 CP 
violating phases. (In the case of Majorana fermions, one can show following either 
derivation that there are N{N — l)/2 CP violating phases.) 

It has been observed experimentally that the CKM matrix has a hierarchical struc- 
ture, which is well exhibited in the Wolfenstein parameterization, 

A AX^{p - irj) \ 
A 1 - |A2 AX^ 

Vts VtJ \AX^l-p-ir)) -AX'' 1 ) 



Vr 



CKM — 



Vcd 



VtJ 



( 



+ 



(16) 

This form is valid to order A"^. The small parameter is chosen as the sine of the Cabibbo 
angle, A = sin 6c — 0.22, while A, p, and i] are order unity. In the SM, the only source 
of CP violation in flavor physics is the phase of the CKM matrix, parameterized by 
rj. The unitarity of Vckm implies that the nine complex elements of this matrix must 
satisfy VikVjk — Y^k ^kiyCj — ^ij- vanishing of the product of the first and third 
columns provides a simple and useful way to visualize these constraints. 



VudV:,+v,dV:,+vuv,i = o, 



(17) 



which can be represented as a triangle (see Fig. 1). Making overconstraining measure- 
ments of the sides and angles of this unitarity triangle is one of the best ways to look 
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for new physics. 

It will be useful to define two angles in addition to those of the triangle in Fig. 1, 



Here /?s ((^k) is the small angle of the "squashed" unitarity triangle obtained by mul- 
tiplying the second column of the CKM matrix with the third (first) column, and is of 
order (A'^). (3s is the phase between Bg mixing and the dominant Bg decays, while 
Pk is the phase between the charm contribution to K mixing and the dominant K de- 
cays. Checking, for example, if Ps is small is an equally important test of the SM as 
comparing the sides and angles of the triangle in Fig. 1. 

To overconstrain the unitarity triangle, there are two very important clean measure- 
ments which will reach precisions at the few, or maybe even one, percent level. One is 
sin 2/3 from the CP asymmetry in B ^Ks, which is becoming the most precisely 
known angle or side of the unitarity triangle. The other is iV^w/Vi^l from the ratio of 
the neutral B^ and Bg meson mass differences, Arrid/ Amg. These will be discussed in 
detail in Sec. 1.6.2 and Sec. 1.5, respectively. 

Compared to sin 2/3 and iV^d/V^sl, for which both the theory and experiment are 
tractable, much harder is the determination of another side or another angle, such as 
\Vub\, or a, or 7 (iKbl is also "easy" by these criteria). However, our ability to test the 
CKM hypothesis in B decays will depend on a third best measurement besides sin 2/3 
and Amd//^ms (and on "null observables", which are predicted to be small in the SM). 
The accuracy of these measurements will determine the sensitivity to new physics, and 
the precision with which the SM is tested. It does not matter whether it is a side or an 
angle. What is important is which measurements can be made that have theoretically 
clean interpretations for the short distance physics we are after. 



How do we know that CP is violated in Nature? Before the start of the B factories, 
observations of CP violation came from two sources. 

1.3.1 CP violation in the universe 

The visible Universe is dominated by matter, and antimatter appears to be much more 
rare. To quantify this asymmetry one usually compares the number of baryons to the 
number of photons at the present time. Following the evolution of the universe back to- 
ward the big bang, this ratio is related to the asymmetry between quarks and antiquarks 




(18) 



1.3 CP violation before Y2K 
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at about t ^ 10 ^ seconds after the big bang, when the temperature was T ~ 1 GeV, 



#(baryons) 



rig - rig 

rig + n-q t~io-6 sec 



~ 5 X 10 



,-10 



(19) 



# (photons) 



now 



It is usually assumed that at even earlier times the universe probably went through an 
inflationary phase, which would have washed out any baryon asymmetry that may have 
been present before inflation. There are three conditions first noted by Sakharov^° that 
any theory must satisfy in order to allow for the possibility of dynamically generating 
the asymmetry in Eq. (19). The theory has to contain: (1) baryon number violating 
interactions; (2) C and CP violation; and (3) deviation from thermal equilibrium. 

The first condition is obvious, and the second is required so that the production rate 
of left (right) handed quarks and right (left) handed antiquaries may differ. The third 
condition is needed because in thermal equilibrium the chemical potential for quarks 
and antiquarks is the same (the CPT theorem implies that the mass of any particle and 
its antiparticle coincide), and so the production and annihilation rates of quarks and 
antiquarks would be the same even if the first two conditions are satisfied. 

The SM contains all three ingredients, but CP violation is too small (independent 
of the size of the CKM phase) and the deviation from thermal equilibrium during elec- 
troweak phase transition is too small if there is only one Higgs doublet. Detailed anal- 
yses show that both of these problems can be solved in the presence of new physics, 
that must contain new sources of CP violation and have larger deviations from thermal 
equilibrium than that in the SM. However, for example, the allowed parameter space of 
the minimal supersymmetric standard model is also getting very restricted to explain 
electroweak baryogenesis (for details, see: Ref. [21]). 

While new physics may yield new CP violating effects observable in B decays, it 
is possible that the CP violation responsible for baryogenesis only affects flavor diag- 
onal processes, such as electron or neutron electric dipole moments. Another caveat is 
that understanding the baryon asymmetry may have nothing to do with the electroweak 
scale; in fact with the observation of large mixing angles in the neutrino sector, lep- 
togenesis^^ appears more and more plausible. The idea is that at a very high scale a 
lepton-antilepton asymmetry is generated, which is then converted to a baryon asym- 
metry by B -\- L violating but B — L conserving processes present in the SM. The 
lepton asymmetry is due to CP violating decays of heavy sterile neutrinos, that live 
long enough to decay out of thermal equilibrium. However, the relevant CP violating 
parameters may or may not be related to CP violation in the light neutrino sector. 

1.3.2 CP violation in the kaon sector 

Prior to 1964, the explanation of the large lifetime ratio of the two neutral kaons was 
CP symmetry (before 1956, it was C alone). The argument is as follows. The flavor 
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eigenstates, 

= \sd) , = \ds) , (20) 

are clearly not CP eigenstates. If CP was a good symmetry, then the states with 
definite CP would be the following linear combinations 

\K,,,) = -L ± \K')) , CP\K^,2) = ±|i^i,2) . (21) 

Then only the CP even state could decay into two pions, Ki tttt, whereas both states 
could decay to three pions, Ki^2 — ^ tttttt (explain why!). Therefore one would expect 
t{Ki) <^ t{K2), in agreement with experimental data, since the phase space for the 
decay to two pions is much larger than that to three pions. The discovery of tttt 
decay at the lO"'^ level in 1964 was a big surprise.^^ The "natural" explanation for 
the observed small CP violation was a new interaction, and, indeed, the superweak 
model^^ was proposed less than a year after the experimental discovery, whereas the 
Kobayashi-Maskawa proposal^^ came nine years later (but still before even the charm 
quark was discovered). 

To analyze CP violation in kaon decays, one usually defines the observables 

_ (7rV|7i|K^) _ (7r+7r-|7i|X^) 

"^'^ - {n^n^\n\Ks) ' " {n+n-\n\Ks) ' ^ ^ 

and the two CP violating parameters, 

_ rjoo + 2ri+_ , _ ??+- - ?7oo 

= g , = 2 ■ y^^^) 

To understand these definitions, note that because of Bose statistics the Itttt) final state 
can only be in isospin (i.e., coming from the A/ = ^ part of the Hamiltonian, as the 
initial state is / = |) or isospin 2 (i.e., A7 = |) combination [see discussion before 
Eq. (90)]. Isospin is a symmetry of the strong interactions, to a very good approxima- 
tion. The decomposition of Itttt) in terms of isospin is 

kV) = ^1^|(TTTT),=o) + ^|(7rTT),=2), 

W^^-) = yf l(^^)/=o) + yl \Ml=2) . (24) 

(In kaon physics often an opposite sign convention is used for Itt'^tt^); Eq. (24) agrees 
with the Clebsch-Gordan coefficients in the PDG, used in B physics.) Then the isospin 
amplitudes are defined as 

Ai = {{tttt) i\n\K°) - \Ai\ e'^' e''t>' , 

Ai = {{tttt) i\n\K^) ^\Ai\ e'^' e"^"^^ , (25) 
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Fig. 2. Diagrams contributing to K ^ nuu decay (from Ref. [27]). 



where / = 0, 2, and 5/ and 0/ are the strong and weak phases, respectively. It is known 
experimentally that \Ao\ 3> IA2I, which is the so-called A/ = | rule QAqI ~ 22 I/I2I). 

The definition of €k in Eq. (23) is chosen such that to leading order in the A/ = | 
rule only the dominant strong amplitude contributes, and therefore CP violation in 
decay gives only negligible contribution to €k (suppressed by IA2/A0P). The world 
average is sk = e^(° '^^±° °2)'^/^ (2.28 ± 0.02) x 10"^ [26]. Concerning e'^, to first order 
in 



-K 



i 

72 



' {{T^T^)l=2\n\KL) {{TlTl)l=2\n\Ks) ' 

((7r7r),=o|W|i^L) ((7r7r),=o|W|i^5> 

A2 



sin(02 - 0o) 



(26) 



A non- vanishing value of e'^ implies different CP violating phases in the two isospin 
amplitudes. The quantity that is actually measured experimentally is |?7oo/^+-P — 
1-6 RQ{e'K/eK). The world average is Re(e';^/ex) = (1.8 ± 0.4) x 10-^ [26]. 

These two observed CP violating parameters in the K system are at the level ex- 
pected in the SM. The value of can be described with an 0{\) value of the CKM 
phase and provides a useful constraint. However, precision tests are not yet possible, as 

is notoriously hard to calculate in the SM because of enhanced hadronic uncertain- 
ties due to contributions that are comparable in magnitude and opposite in sign. (The 
measurement of does provide useful constraints on new physics.) 

Precision tests of the SM flavor sector in K decays will come from measurements 
of K — > TTi/P, planned in both the neutral and charged modes. These observables are 
theoretically clean, but the rates are very small, ~ 10~^° (10~^^) in (Kl) decay. 
They arise from the diagrams in Fig. 2, with intermediate up-type quarks. Due to the 
GIM mechanism,^^ the rate would vanish in the limit where the up, charm, and top 
quarks had the same mass. Therefore each contribution to the amplitude is proportional 
approximately to m^/m^, and we have schematically 



' (A5m?)+i(A5m|) 
A (X I {Xml)+i{X^ml) 

(AA|cd) 



t : CKM suppressed , 
c : GIM suppressed , 
u : GIM suppressed , 



(27) 
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where we used the phase convention and parameterization in Eq. (16). Each contri- 
bution is either GIM or CKM suppressed. So far two -n^vv events have been 
observed, corresponding to a branching ratio — > ti^pv) = {l.bl^Q'^^xlQ''^^ . 
The decay Kl — > 7r°i/P is even cleaner than the charged mode because the final state 
is CP even,^° and therefore only the imaginary parts in Eq. (27) contribute, where the 
charm contribution is negligible and the top contribution is a precisely calculable short 
distance process. (For a more detailed discussion, see Ref. [15].) 

1.4 The B physics program and the present status 

In comparison with kaons, the B meson system has several features which makes it 
well-suited to study flavor physics and CP violation. Because the top quark in loop 
diagrams is neither GIM nor CKM suppressed, large CP violating effects and large 
mixing are possible in the neutral and Bg systems, some of which have clean inter- 
pretations. For the same reason, a variety of rare decays have large enough branching 
fractions to allow for detailed studies. Finally, some of the hadronic physics can be 
understood model independently because ^ Aqcd- 

The goal of this program is to precisely test the flavor sector via redundant mea- 
surements, which in the SM determine CKM elements, but can be sensitive to different 
short distance physics. New physics is most likely to modify CP violating observables 
and decays that proceed in the SM via loop diagrams only, such as mixing and rare 
decays. Therefore, we want to measure CP violating asymmetries, mixing and rare 
decays, and compare the constraints on the CKM matrix from tree and loop processes. 

In the SM all CP violation in flavor changing processes arises from the phase in the 
CKM matrix. The CKM elements with large (and related) phases in the usual conven- 
tion are Vtd and Vub, and all large CP violating phenomena comes from these. In the 
presence of new physics, many independent CP violating phases are possible; e.g., the 
phases in B^ and Bg mixing may be unrelated. Then using a, (3, 7 is only a language, as 
two "would-be" 7 measurements, for example, can be sensitive to different new physics 
contributions. Similarly, measurements of | Vtd \ and | Vts \ from mixing may be unrelated 
to their values measured in rare decays. Thus, to search for new physics, all possible 
measurements which have clean interpretations are important; their correlations and the 
pattern of possible deviations from the SM predictions may be crucial to narrow down 
type of new physics we are encountering. The B physics program is so broad because 
independent measurements are the best way to search for new physics. 

The allowed regions of p and rj, imposed by the constraints on e^, B^^g mixing, 
iKib/Kfel. and sin 2/3 are shown in Fig. 3. There is a four-fold discrete ambiguity in 
the sin 2/3 measurement. Assuming the SM, this is resolved by iKfth there is only 
one allowed region using the \ Vub\ and sin 2/3 constraints, whereas there would be four 



11 



1?^ 



-1 





Am, \ 


'^^^X sii 


Am^&Am, _ 


package 





-10 12 



P 

Fig. 3. Present constraints on the CKM matrix (from Ref. [31]). 

allowed regions if the | V^h \ constraint is removed from the fit. 

Figure 3 clearly shows that with the recent precise measurements of sin 2/3, the 
CKM picture passed its first real test, and the angle /3 has become the most precisely 
known ingredient in the unitarity triangle. Thus, it is very likely that the CKM matrix 
is the dominant source of CP violation in flavor changing processes at the electroweak 
scale. This implies a paradigm change in that we can no longer claim to be looking for 
new physics alternatives of the CKM picture, but to seek corrections to it (a possible 
exception is still the Bs system). The question is no longer whether the CKM paradigm 
is right, but whether it is the only observable source of CP violation and flavor change 
near the electroweak scale. 

In looking for modest deviations from the SM, the key measurements are those 
that are theoretically clean and experimentally doable. Measurements whose interpre- 
tation depends on hadronic models cannot indicate unambiguously the presence of new 
physics. Our ability to test CKM in B decays below the 10% level will depend on 
the 3rd, 4th, etc., most precise measurements besides P and |\4d/V^s| that are used to 
overconstrain it. (The error of | Vtd/Vfs| is expected to be below 10% once the Bg mass 
difference is measured, as discussed in Sec. 1.5.) Prospects to measure the iKb/Kfel 
side of the UT with small error are discussed in the second lecture, while clean deter- 
minations of angles other than P are discussed in the third. Certain observables that are 
(near) zero in the SM, such as acp{Bs ipcj)), acp{B ipKs) — acp{B 4>Ks), 
adir{B — > 57), are also sensitive to new physics and some will be discussed. 
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Fig. 4. Left: box diagrams that give rise to the B^—B^ mass difference; Right: operator 
in the effective theory below mw whose B meson matrix element determines Am^^. 

1.5 Bd and Bg mixing 

Similar to the neutral kaon system, there are also two neutral B^ flavor eigenstates, 

= \B^)^\hd). (28) 

The time evolution of a state is described by the Schrodinger equation, 

.d(\By))\ 

\B\t))) " 




(29) 



where the mass mixing matrix, M, and the decay mixing matrix, F, are 2x2 Hermitian 
matrices. CPT invariance implies Mn = M22 and Fn = F22. The heavier and lighter 
mass eigenstates are the eigenvectors of M — iF/2, 



\BH,L)=p\B'^)Tq\B'), 

and their time dependence is 



(30) 



(31) 



The solution of the eigenvalue equation is 



(Am)2 - - (AF)2 

p 



4|Mi2p- IF12I 



AmAF = -4Re(Mi2F*2) , 



Am + iAF/2 2Mi*2-ir 



12 



2M 



12 



ir 



12 



Am + i AF/2 ' 



(32) 



where Am = Mh — Ml and AF — Tl — Th. This defines Am to be positive, and the 
choice of AF is such that it is expected to be positive in the SM (this sign convention 
for AF agrees with Ref. [5] and is opposite to Ref. [4]). Note that Mh,l (^h,l) are not 
the eigenvalues of M (F). The off-diagonal elements M12 and F12 arise from virtual 
and on-shell intermediate states, respectively. The contributions to M12 are dominated 
in the SM by box diagrams with top quarks (see Fig. 4), while ri2 is determined by 
physical states (containing c and u quarks) to which both 5° and -B° can decay. 
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Table 1. Mixing and CP violation in Bd,s mesons. The theory entries indicates rough 
SM estimates. Data are from the PDG^^ (bounds are 90% or 95% CL). 

Simpler approximate solutions can be obtained expanding about the limit |ri2| <^ 
\Mi2\. This is a good approximation in both Bd and Bg systems. |ri2| < F always 
holds, because stems from decays to final states common to B° and For the 
Bg meson the experimental lower bound on Ame^ implies Tb, <^ Ame^, and hence 

<S Am^^ [the theoretical expectation is AFs/Fs ~ 167r^(AQCD/?7i&)^]- For the Bd 
meson, experiments give Am^^ ^ 0.75 F^^. However, Ffg arises only due to CKM- 
suppressed decay channels (giving common final states in 5° and decay), and so 
\^i2\/'^Ba is expected to be at or below the few percent level (and many experimental 
analyses assume that it vanishes). In this approximation Eqs. (32) become 

Re(Mi2Ft2) 



Am = 


2|Mi2| 




AF 


= -2 


Q _ 




1 - 


- Im 


/Fi2 
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Mi2 
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VMl2 



I Ml 



12 



(33) 

where we kept the second order term m q/p because it will be needed later. Table 1 
summarizes the expectations and data for the Bd,s systems. 

A simple and important implication is that if F12 is given by the SM, then new 
physics cannot enhance the Bd,s width differences. To see this, rewrite AF in Eq. (33) 
as AF = 2 IF12I cos[arg(-Mi2/Fi2)]. In the SM, arg(-Mi2/Fi2) is suppressed by 
ml /ml in both Bd,s systems (in the Bg system it is further suppressed by the small 
angle (3s)- Consequently, by modifying the phase of M12, new physics cannot en- 
hance cos[arg(— M12/F12)], which is near unity in the SM. However, new physics 
can easily enhance CP violation in mixing, which is suppressed by the small quan- 
tity sin[arg(— M12/F12)] in the SM, and is especially tiny in the Bg system. 

The Bh — Bl mass difference dominated by the box diagrams with top quarks 
(see Fig. 4) is a short distance process sensitive to physics at high scales (similar to 
Am^). The calculation of Ams is a good example of the use of effective theories. The 
first step is to "match" at the scale of order mw the box diagrams on the left in Fig. 4 
onto the local four-fermion operator, Q{ijl) — (hLlvdL)(pLY di), represented by the 
diagram on the right. In this step one computes the Wilson coefficient of Q{ijl — mw)- 
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In the second step, one "runs" the scale of the effective theory down from rriw to a 
scale around rrib using the renormalization group. In the third step one has to compute 
the matrix element of Q{n) at a scale around m^. The result is 

Ml, = iV,,V;,r X J X 5 -f rjBbsil^) X , (34) 

^ V ' oTT^ rrtfi \Myy/ ^ ^ ' 

WANTED ' ■' ' ^ » ' nonperturbative 

known calculable perturbatively 

where the first term is the combination of CKM matrix elements we want to measure, 

and the second term contains known factors. The third term contains the matching 
calculation at the high scale, S{m^ / M'^y) (an Inami-Lim function^^), and the calculable 
QCD corrections that occur in running the effective Hamiltonian down to a low scale. 
It is riBhsil^) that contain the QCD corrections including resummation of the series of 
leading logarithms, a^ln"(miy//i.), ji ~ mi,, which is often very important. The last 
term in Eq. (34) is the matrix element, 

(5°|g(/x)|5°) = ^m|/|^, (35) 

which is a nonperturbative quantity. It is here that hadronic uncertainties enter, and 
/bBb has to be determined from lattice QCD. Eq. (34) applies for Bg mixing as well, 
replacing Vtd Vts, ms^ ttib,, fs^ ^ and Bb^ ^ Bb,. 

A clean determination of |\4d/Vts| will be possible from the ratio of the Bd and Bs 
mass differences, Ams^/AmB^. The reason is that some of the hadronic uncertain- 
ties can be reduced by considering the ratio = (fB^BBj/ifB^BB^) which is unity 
in the flavor SU (3) symmetry limit. Figure 5 shows the preliminary LEP/SLD/CDF 
combined Bg oscillation amplitude analysis^^ that yields Am^ > 14.4 ps~^ at 95% CL. 
Probably Bg mixing will be discovered at the Tevatron, and soon thereafter the exper- 
imental error of Am^ is expected to be at the few percent level.^ The uncertainty of 
l^d/^sl will then be dominated by the error of ^ from lattice QCD. For the last few 
years the lattice QCD averages^"^ have been around fBs/fsd = 1-18 ± 0.04:':o^^ and 
Bbs/Bb^ = 1-00 i 0.03, in agreement with the chiral log calculation.'^^ The last error 
in the quoted lattice result of /bs/ fsa reflects an increased appreciation of uncertainties 
associated with the chiral extrapolation, that may reduce the present results for /^^ but 
is unlikely to significantly affect Jb^ ■ It is very important to reliably control light quark 
effects, and to do simulations with three light flavors.* 

* Sorting this out reliably may be challenging, since the leading chiral logarithms need not be a good 
guide to the chiral behavior of quantities involving heavy hadrons. Chiral perturbation theory for pro- 
cesses with heavy hadrons may have a cutoff as low as 500 MeV instead of 47r/OT ~ 1 GeV, leading to 
large "higher order" effects. Using chiral perturbation theory to extrapolate lattice calculations with 
heavy "light" quarks to the chiral Umit may then be questionable.'^'' 
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Fig. 5. Left: present Bg oscillation amplitude analysis. Right: projected CDF sensi- 
tivity with 2 fb"^ data.^ Note that Xg = Arris /Tb, ~ Arris x 1.46 ps. 

1.6 CP violation in the B meson system 
1.6.1 The three types of CP violation 

CP violation in mixing If CP were conserved, then the mass eigenstates would 
be proportional to |P°) ± |P°), corresponding to \q/p\ = 1 and arg(Mi2/ri2) = 0. 
If \q/p\ 7^ 1, then CP is violated. This is called CP violation in mixing, because it 
results from the mass eigenstates being different from the CP eigenstates. It follows 
from Eq. (30) that {Bh\Bl) = |pp — and so if there is CP violation in mixing 
then the two physical states are not orthogonal. This is clearly a quantum mechanical 
effect, impossible in a classical system. 

The simplest example of this type of CP violation is the semileptonic decay asym- 
metry of neutral mesons to "wrong sign" leptons. 



^SL(t) 



r(p°(t) £+x) - r(p°(t) ^ e-x) _ i - \q/p\' 
r(po(t) ^ i+x) + r(po(t) ^ £-x) ~ 1 + \q/p\' 



Im ■ 



12 



Ml 



(36) 



12 



To obtain the right-hand side, we used Eqs. (30) and (31) for the time evolution, and 
Eq. (33) for \q/p\. In kaon decays this asymmetry was recently measured,'^^ in agree- 
ment with the expectation that it should be equal to 4 Re ei^-. In P decays the asymmetry 
is expected to be^^ —1.3 x 10^^ < A^l < —0.5 x 10"^. Figure 6 shows the (weak) 
constraints on the p — ?7 plane from the present data on Asl, and what may be achieved 
by 2005. One can only justify the calculation of Im(ri2/Mi2) from first principles 
in the the rrib ^ Aqcd limit, since it depends on inclusive nonleptonic rates. Such a 
calculation has sizable hadronic uncertainties (by virtue of our limited understanding 
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Fig. 6. Left: present constraint from Asl = (0.2 ± 1.4) x 10~^. Right: constraint that 
would follow from Asl = (-1 ± 3) x 10"^ (that may be achieved by 2005). The dark-, 
medium-, and light-shaded regions have CL > 90%, 32%, and 10%. (From Ref. [39].) 

of b hadron lifetimes), an estimate of which is shown by the horizontally stripped re- 
gions. However, the constraints on new physics are already interesting,^^ as the ml/ ml 
suppression of Asl in the SM can be avoided if new physics modifies the phase of M12. 

CP violation in decay For most final states f, the B f and B ^ f decay 
amplitudes can, in general, receive several contributions 

Af = {f\n\B) = Y,Akd'^e'^\ Aj={f\n\B) = A^ e''' e-'^>^ . (37) 

k k 

There are two types of complex phases which can occur [a similar situation was already 
encountered in Eq. (25)]. Complex parameters in the Lagrangian which enter a decay 
amplitude also enter the CP conjugate amplitude but in complex conjugate form. In 
the SM such weak phases, (p^, only occur in the CKM matrix. Another type of phases 
are due to absorptive parts of decay amplitudes, and give rise to CP conserving strong 
phases, 5k. These arise from on-shell intermediate states rescattering into the desired 
final state. The individual phases 5k and (pk are convention dependent, but the phase 
differences, 5i — 5j and (pi — (pj, and therefore \Aj\ and |y4/|, are physical. 

Clearly, if \Aj\ ^ \Af \ then CP is violated. This is called CP violation in decay, 
or direct CP violation. Such CP violation can also arise in charged meson and baryon 
decays, and in P° decays in conjunction with the other types. It occurs due to interfer- 
ence between various terms in the decay amplitude, and requires that at least two terms 
differ both in their strong and in their weak phases, 

\A\^ - \A\^ = -AA1A2 sin(5i - ^2) sm{(Pi - (P2) . (38) 
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The only unambiguous observation of direct CP violation to date is Ree'^ in kaon 
decay. It can be seen from Eq. (26) that Im e'^^ is not a sign of CP violation in decay, 
since it may be nonzero even if there is no strong phase difference between the two 
amplitudes. Note that in decays different interference type CP violation (see below) 
in two final states, ImA/j 7^ ImA/2, would also be a sign of direct CP violation. 

To extract the interesting weak phases from CP violation in decay, one needs to 
know the amplitudes and their strong phases 5k. The problem is that theoretical 
calculations of Ak and 5k usually have large model dependences. However, direct CP 
violation can still be very interesting for looking for new physics, especially when the 
SM prediction is small, e.g., in 6 — > 57. 

CP violation in the interference between decays with and without mixing An- 
other type of CP violation is possible when both P° and P° can decay to the same 
final state. The simplest example is when this is a CP eigenstate, fcp. If CP is con- 
served, then not only \q/p\ — 1 and |A//A/| = 1, but the relative phase between q/p 
and Af/Af also vanishes. It is convenient to define 

^'^^ ~ V A7~ ' ^^'^^ V A7~ ' ^^^^ 
P ^fcp P ^fcp 

where rjf^p — ±1 is the CP eigenvalue of fcp [+1 (—1) for CP-even (-odd) states]. 
The second form is useful for calculations, because Af^p and Aj^^ are related by CP 
transformation. If ImA/^^p ^ then it is a manifestation of CP violating interference 
between — > fcp decay and B^ ~ mixing followed by B^ —>■ fcp decay. 
The time dependent asymmetry, neglecting AF, is given by 

T[B%t)^f]-T[B%t)^f] 
^fcp - FTBi 



1 - |A/p) cos(Amt) - 2ImA/sin(Amt) 



|2 



1 + IA/i 

= Sf sin( Am t) - Cj cos( Am t) . (40) 

The last line defines the S and C terms that will be important later on (note that the 
BELLE notation is S = S and C = —A). This asymmetry can be nonzero if any type 
of CP violation occurs. In particular, if \q/p\ ~ 1 and ~ 1 then it is possible 

that ImA/ 7^ 0, but |A/| = 1 to a good approximation. In both the B^ and Bg systems 
\q/p\ — 1 < C(10~^), so the question is usually whether \A/A\ is near unity. Even 
if we cannot compute hadronic decay amplitudes model independently, \A/A\ — 1 is 
guaranteed if amplitudes with a single weak phase dominate a decay. In such cases we 
can extract the weak phase difference between P° — > /cp and P° ^ P° — > /^p in a 
theoretically clean way, 

Qf^p — ImA/sin(Amt) . (41) 
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Fig. 7. "Tree" (left) and "Penguin" (right) contributions to B ^ ^Ks (from Ref. [40]). 

1.6.2 sin 2/3 from B ipKs,L 

This is the cleanest example of CP violation in the interference between decay with and 
without mixing, because \ A/A\ — 1 < 10^^. Therefore, sin 2/3 will be the theoretically 
cleanest measurement of a CKM parameter other than \ Vud\ (and maybe r] from 
71^ uu, which, however, is unlikely to be ever measured at the percent level). 

There are "tree" and "penguin" contributions to i? — > ipKs,L as shown in Fig. 7. 
The tree diagram arises from h — > ccs transition, while there are penguin contributions 
with three different combinations of CKM elements. 

At = KbV;; , Ap = Vt,v:^ Pt + KfeV;: + v.^,v:, p„ . m 

We can rewrite the penguin amplitude using Itt V^* + KbKs + ^u^KTs = to obtain 

A = VcbV:, (Tecs + Pc- Pt) + KbC {Pu - Pt) 

= V,,V^T + V^,V:,P, (43) 

where the second line defines T and P. We expect \A/A\ — 1 < 10~^, because 
\{VubV*,)/{VcbV*^)\ ~ 1/50 and model dependent estimates of \P/T\ are well below 
unity. So the amplitude with weak phase VcbV*^ dominates. The CP asymmetry mea- 
sures 

and so ImA^i^g ^ = ± sin 2/3. The first term is the SM value of q/p in B^ mixing, the 
second is A /A, and the last one is p/g in the K'^ system. In the absence of — 
mixing there could be no interference between S° — > ipK'^ and S° — > ipK'^. 

The first evidence for CP violation outside the kaon sector was the recent BABAR 
and BELLE measurements^^ of a^K, whose average, sin 2/3 = 0.731 ± 0.055, com- 
pletely dominates the world average^^ already, sin 2/3 = 0.734 ± 0.054. 

1.6.3 sin 2(3 from B (f)Ks,L 

The CP violation in this channel is believed to be a very sensitive probe of new physics. 
Naively, tree contributions to 6 — > sss transition are absent, and the penguin contribu- 
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Fig. 8. "Penguin" (left) and "Tree" (right) contributions to B ^ (t)Ks (from Ref. [40]). 



tions (see Fig. 8) are 

Ap = KoK: (^c - Pt) + KftC {Pu - Pt) . (45) 

Due to |(K6K*J/(K.6K*s)l ~ and because we expect \Pc - Pt\ ~ \Pu - Pt\, 

the B (JyKs amplitude is also dominated by a single weak phase, VcbV*^. Therefore, 
1^4/741 — 1 is small, although not as small as in i? ipKs,L- There is also a "tree" 
contribution to B (t>Ks, from h uus decay followed by uu ss rescattering, 
shown in Fig. 8 on the right. This amplitude is also proportional to the suppressed CKM 
combination, VubV*^, and it is not even clear how to separate it from "penguin" terms. 
Unless rescattering provides an enhancement, this should not upset the proximity of 
ImA^Xg from sin 2(3. Thus we expect IthX^Ks = 2/3 + C(A^) in the SM. 

At present ImA,^^ = ImA^^ is violated at the 2.7(7 level.^^'^^ This is interesting 
because new physics could enter X^k mainly through q/p, whereas it could modify A^x 
through both q/p and A/ A. Note, however, that in the "q'Ks and K^K~Ks channels 
there is no similarly large deviation from sin 2/5.''^ The CP asymmetries in 6 — > sss 
modes remain some of the best examples that measuring the same angle in several 
decays sensitive to different short distance physics is one of the most promising ways 
to look for new physics. This will be very interesting as the errors decrease. 

1.7 Summary 

• Want experimentally precise and theoretically reliable measurements that in the 
SM relate to CKM elements, but can probe different short distance physics. 

• The CKM picture passed its first real test; we can no longer claim to look for 
alternatives, but to seek corrections due to new physics (except maybe Bg mixing). 

• Very broad program — a lot more interesting as a whole than any single measure- 
ment alone; redundancy/correlations may be the key to finding new physics. 

• Bd,s mixing (|14d/T45|) and B — > il^K (sin 2/3) are "easy", i.e., both theory and 
experiment are under control; in the next lectures start looking at harder things. 
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2 Heavy Quark Limit: Spectroscopy, Exclusive and In- 
clusive Decays 

Over the last decade, most of the theoretical progress in understanding B decays uti- 
lized the fact that mi is much larger than Aqcd- Semileptonic and rare decays allow 
measurements of CKM elements important for testing the SM, and are sensitive to new 
physics. Improving the accuracy of the theoretical predictions increases the sensitivity 
to new physics. For example, as can be seen from Fig. 3, \Vub\ is the dominant uncer- 
tainty of the side of the unitarity triangle opposite to the angle p. The constraint from 
the — mixing parameter €k is proportional to \ Vcb\^, and so is the constraint from 
the K'^ n^vv rate. (The ratio of the tt^uu and n^vv rates is much 

less sensitive to \Vcb\-) Most examples in this lecture are related to the determination 
of and \ Vuh\ from exclusive and inclusive semileptonic decays. The same theoret- 
ical tools are directly applicable to reducing the hadronic uncertainties in rare decays 
mediated by flavor changing neutral currents as well. 

To believe at some point in the future that a discrepancy is a sign of new physics, 
model independent predictions are essential. Results which depend on modeling non- 
perturbative strong interaction effects cannot disprove the Standard Model. Most model 
independent predictions are of the form. 



Quantity of interest = (calculable factors) x 



1 -I- ^ (small parameters) 



k 



(46) 



where the small parameter can be AQco/w^ib, rUs/A^sB, Ois{mb), etc. For the pur- 
poses of these lectures we mean by (strong interaction) model independent that the 
theoretical uncertainty is suppressed by small parameters [so that theorists argue about 
C(l) X (small numbers) instead of C(l) effects]. Still, in most cases, there are theoret- 
ical uncertainties suppressed by some (small parameter)^, which cannot be estimated 
model independently. If the goal is to test the Standard Model, one must assign sizable 
uncertainties to such "small" corrections not known from first principles. 

Throughout the following it should be kept in mind that the behavior of expansions 
that are formally in powers of can be rather different in practice. (By Aqcd 

we mean hereafter a generic hadronic scale, and not necessarily the parameter in the 
running of ag.) Depending on the process under consideration, the physical scale that 
determines the behavior of expansions may or may not be much smaller than rrib (and, 
especially, rric). For example, /tt, rup, and mj^/nis are all of order Aqcd formally, but 
their numerical values span an order of magnitude. As it will become clear below, in 
most cases experimental guidance is needed to decide how well the theory works. 
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2.1 Heavy quark symmetry and HQET 

In hadrons composed of heavy quarks, the dynamics of QCD simplifies. Mesons con- 
taining a heavy quark - heavy antiquark pair, QQ, form positronium-type bound states, 
which become perturbative in rriQ ^ Aqcd limit. ^'^ In heavy mesons composed of a 
heavy quark, Q, and a light antiquark, q (and gluons and qq pairs), there are also sim- 
plifications in the mq ^ Aqcd limit. The heavy quark acts as a static color source 
with fixed four- velocity, v^^, and the wave function of the light degrees of freedom (the 
so-called brown muck) become insensitive to the spin and mass (flavor) of the heavy 
quark, resulting in heavy quark spin-flavor symmetries.^^ 

The physical picture to understand these symmetries is similar to those well-known 
from atomic physics, where simplifications occur due to the fact that the electron mass, 
me, is much smaller than the nucleon mass, m^r. The analog of flavor symmetry is that 
isotopes have similar chemistry, because the electrons' wave functions become inde- 
pendent of mjv in the m^r ^ mg limit. The analog of spin symmetry is that hyperfine 
levels are almost degenerate, because the interaction of the electron and nucleon spin 
diminishes in the wat ^ me limit. 

The theoretical framework to analyze the consequences of heavy quark symmetry 
and the corrections to the symmetry limit is the heavy quark effective theory (HQET). 
One can do a field redefinition to introduce a new field, hy{x), which annihilates a 
heavy quark with four-velocity v, and has no dependence on the large mass of the 
heavy quark, 

/iW)(^)^e^-Q-^g(a;), (47) 

where Q{x) denotes the quark field in full QCD. It is convenient to label heavy quark 
fields by v, because v cannot be changed by soft interactions. The physical interpre- 
tation of the projection operator (1 -|- ^)/2 is that represents just the heavy quark 
(rather than antiquark) components ofQ. If p is the total momentum of the heavy quark, 
then the field h^^^ carries the residual momentum k = p — mqv ~ O(Aqcd)- In terms 
of these fields the QCD Lagrangian simplifies tremendously, 

C = W^ivDh^^'^ + o(—\, (48) 

\mQj 

where — — iQgTaA'^ is the covariant derivative. The fact that there is no Dirac 
matrix in this Lagrangian implies that both the heavy quark's propagator and its cou- 
pling to gluons become independent of the heavy quark spin. The effective theory 
provides a well-defined framework to calculate perturbative 0{as) and parameterize 
nonperturbative 0(Aqcd/?7t.q) corrections. 
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Fig. 9. Spectroscopy of B and D mesons. For each doublet level the spin-parity of the 
brown muck, sj\ and the names of the physical states are indicated. 



2.1.1 Spectroscopy 

The spectroscopy of heavy hadrons simplifies due to heavy quark symmetry because 
the spin of the heavy quark becomes a good quantum number in uiq — > 00 limit; i.e., it 
becomes a conserved quantity in the interactions with the brown muck, [sq,'H] = 0. Of 
course, the total angular momentum is conserved, [J, H] = 0, and therefore the spin of 
the light degrees of freedom, si = J — sq, also becomes conserved in the heavy quark 
limit, [si,n] = 0. 

This implies that hadrons containing a single heavy quark can be labeled with s/, 
and for any value of si there are two (almost) degenerate states with total angular mo- 
mentum J-t = s/ ± |. (An exception occurs for baryons with si = 0, where there 
is only a single state with J = |.) The ground state mesons with Qq flavor quantum 
numbers contain light degrees of freedom with spin-parity ' = | , giving a doublet 
containing a spin zero and spin one meson. For Q = c these mesons are the D and D*, 
while Q = b gives the B and B* mesons. 

The mass splittings between the doublets, Aj, are of order Aqcdj and are the same 
in the B and D sectors at leading order in Aqcd/"^q, as shown in Fig. 9. The mass 
splittings within each doublet are of order Aqq-^ /uiq. This is supported by experimen- 
tal data: for example, for the sj^ = | ground state doublets mo* — rriD ^ 140 MeV 
while niB* ~ itlb ~ 45 MeV, and their ratio, 0.32, is consistent with mc/rrth. 

As an aside, I cannot resist mentioning a well-known puzzle. Since the ground state 
vector-pseudoscalar mass splitting is proportional to AQQj-,/mQ, we expect my — mp 
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to be approximately constant. This argument relies on tuq S> Aqcd- The data are 

ml. - m| = 0.49 GeV^ , m|j - = 0.50 GeV^ , 
ml. -ml^ 0.54 GeV^ , ml* - ml^ = 0.58 GcV^ , (49) 
ml-ml^ 0.57 GeV^ , ml. - ml ^ 0.55 GeV^ . 

It is not understood why the light meson mass splittings satisfy the same relation (al- 
though this would be expected in the nonrelativistic constituent quark model). There 
must be something more going on than just heavy quark symmetry, and if this was the 
only prediction of heavy quark symmetry then we could not say that there is strong 
evidence that it is a useful idea. 



2.1.2 Strong decays of excited charmed mesons 

Heavy quark symmetry has implication for the strong decays of heavy mesons as well, 
because the strong interaction Hamiltonian conserves the spin of the heavy quark and 
the light degrees of freedom separately. 

Excited charmed mesons with sj^ — | have been observed. These are the Di and 
D2 mesons with spin one and two, respectively. They are quite narrow with widths 
around 20MeV. This is because their decays to D''*^n are in D-waves. An 5'-wave 
Di D*n amplitude is allowed by total angular momentum conservation, but for- 
bidden in the mq 00 limit by heavy quark spin symmetry. Members of the 
sf' — \^ doublet, Dq and DI, can decay to Dn and D*7r in 5'-waves, and therefore 
these states are expected to be broad. The D* has been observed^^ with a width around 
290 ±110 MeV.^ The various allowed decays are shown in Fig. 10. 

It is possible to make more detailed predictions for the {Di^D^) — > {D,D*)t^ 
decays, since the four amplitudes are related by spin symmetry. The ratios of rates are 
determined by Clebsch-Gordan coefficients, which are convenient to write in terms of 
6j symbols. 



r(J ^ JV) oc {2si + 1)(2J' + 1) 




(50) 



given in the upper row in Table 2. Since these decays are in L = 2 partial waves, the 
phase space depends on the pion momentum as \p.„\^ (one can check using Eq. (50) 

tin the nonrelativistic constituent quark model the s^' = 5^ and |^ doublets are L = 1 orbital ex- 
citations (sometimes collectively called £>**), and the two doublets arise from combining the orbital 
angular momentum with the spin of the light antiquark. In the quark model the mass splittings of or- 
bitally excited states vanish as they come from {sq- Sq5^{r)) interaction. This is supported by the data: 
tud* — tudi = 37MeV <^ mo* — tud- 
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Fig. 10. Spectroscopy and strong decays of D mesons (from Ref. [49]). 



T{Di Dn) 


: T{Di D*n) 


: T{D*^Dn) 


: T{D* D*n) 





: 1 


: 2/5 


: 3/5 





: 1 


: 2.3 


: 0.92 



Table 2. Ratio of {Di,D2) {D,D*)n decay rates without (upper row) and with 
(lower row) corrections due to phase space differences (from Ref. [1]). 

that the 5'-wave Di — > D*n rate indeed vanishes). This is a large but calculable heavy 
quark symmetry breaking, which is included in the bottom line of Table 2. It changes 
the prediction for r{D* Dn) /T{D* D*n) from 2/3 to 2.5; the latter agrees well 
with the data, 2.3 ± 0.6. 

The ratio of the Di and D2 widths works less well: the prediction 1/(2.3 + 0.9) ~ 
0.3 is much smaller than the data, T{D^) /T^Df^) ~ 0.7. The simplest explanation 
would be that Di mixes with the broad DI, due to (9(Aqcd/"^c) spin symmetry violat- 
ing effects; however, there is no indication of an S-wave component in the Di — > D*n 
angular distribution. The larger than expected Di width can be explained with other 
spin symmetry violating effects. This is important because otherwise it would indi- 
cate that we cannot trust the treatment of the charm quark as heavy in other contexts. 

2.2 Exclusive semileptonic B decays 

Semileptonic and radiative rare decays can be used to determine CKM elements, such 
as \Vcb\ and \Vub\, and are sensitive probes of new physics. The difficulty is that the 



25 



hadronic matrix elements that connect exclusive decay rates to short distance weak 
interaction parameters are not accessible in general theoretically. Important exceptions 
occur in certain situations due to enhanced symmetries, when some form factors are 
model independently related to one another, and in the case of S — > D* decay even the 
rate is determined at one point in phase space. 

2.2.1 B decay and \V^b\ 

Heavy quark symmetry is very predictive for B D^*^ semileptonic form factors. 
In the mb,c ^ Aqcd limit, the configuration of the brown muck only depends on the 
four-velocity of the heavy quark, but not on its mass and spin. In the decay of the b 
quark, the weak current changes suddenly (on a time scale <g Aq^q) the flavor b — > 
c, the momentum pi, — > pc, and possibly flips the spin, Sb Sc. In the mb,c ^ 
Aqcd limit, because of heavy quark symmetry, the brown muck only feels that the 
four- velocity of the static color source in the center of the heavy meson changed, Vb 
Vc- Therefore, the form factors that describe the wave function overlap between the 
initial and final mesons become independent of Dirac structure of weak current, and 
can only depend on a scalar quantity, w = Vb ■ Vc- Thus all form factors are related 
to a single universal function, ^{vb • Vc), the Isgur-Wise function, which contains all 
the low energy nonperturbative hadronic physics relevant for these decays. Moreover, 
^(1) = 1, because at the "zero recoil" point, w — 1, where the c quark is at rest in the b 
rest frame, the configuration of the brown muck does not change at all. 

Using only Lorentz invariance, six form factors parameterize B D^*Hu decay, 

{D{v')\K\B{v)) 
{D*{v')\V^\B{v)) 

{D{v')\A^\B{v)) 
{D*{v')\A^\B{v)) 

where the hi are functions ofw = v-v' — (mB+m^(,) —q^) / (2mBmo(*))- The currents 
relevant for semileptonic decay are V„ — c^ji^b and A,, — c'ji.^^b. In the mq oo limit, 

h+{w) = hv{w) = hAi{w) = hAsiw) = ^{w) , h_{w) = hA2{w) = 0. (52) 

There are corrections to these relations for finite mc,6, suppressed by powers of as and 
Aqcd / fnc,b- The former are calculable, while the latter can only be parameterized, and 
that is where model dependence enters. 

The determination of \ Vcb\ from exclusive B — ^ D''*^fM decay uses an extrapolation 
of the measured decay rate to zero recoil, w = 1. The rates can be schematically written 
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y^niBniD h+ {y + f% + h-{y - f % 

0, (51) 
^Jm^rriD^ /i^i {w + l)e* - Ha^ (e* • v)v„ - Ha^ (e* • v)v'^ , 



as 



— (known factors) \ Vci 



dw ' " 1)3/2 :f2(w), forS^D. 

(53) 

Both J^{w) and jF^(u') are equal to the Isgur-Wise function in the mq oo limit, and 
in particular JF(^) (1) = 1, allowing for a model independent determination of \Vcb\. The 
corrections are again suppressed by powers of as and h.qcT)/f^c,h and are of the form 

^ ^ , „ , O(Luke) , (lattice or models) , 
y-*(lj = l(Isgur-Wise) + CA{a.s) + — \ V ... , 

ili'c,b ''''c,b 

(lattice or models) 

•^(1) = l(Isgur-Wise) + Cv{ois) H K ■ ■ ■ ■ (54) 

The perturbative corrections, ca = —0.04 and cy = 0.02, have been computed to 
order [51], and the yet higher order corrections should be below the 1% level. The 
order Aqcb /mg correction to JF*(1) vanishes due to Luke's theorem.^^ xhe terms 
indicated by (lattice or models) in Eqs. (54) are only known using phenomenological 
models or quenched lattice QCD at present. This is why the determination of \Vcb\ 
from B — > D*£p is theoretically more reliable than that from B — > D£p, although 
both QCD sum rules^^ and quenched lattice QCD^^ suggest that the order Aqcd/?71c,6 
correction to ^(1) is small (giving ^(1) = 1.02 ± 0.08 and 1.06 ± 0.02, respectively). 
Due to the extra w'^ — 1 helicity suppression near zero recoil, B — > Diu is also harder 
experimentally than B D*£p. Reasonable estimates of J^*(l) are around 

JT^l) = 0.91 ± 0.04 . (55) 

This value is unchanged for over five years,"^ and is supported by a recent lattice result.^^ 
The zero recoil limit of the B D*£i' rate is measured to be^^ 



\V,b\ J^*(l) = (38.3 ± 1.0) X 10-=^ , (56) 

yielding \V,b\ = (42.1 ± l.lexp ± 1.9th) x lO-^. 

Another important theoretical input is the shape of (w) used to fit the data. It 
is useful to expand about zero recoil and write jF(*)(w;) = JF(^)(1) [1 — p^^^-^iw — 1) + 
c^*){w — 1)2 + . . .]. Analyticity imposes stringent constraints between the slope, p'^, 
and curvature, c, at zero recoil,^^ which is used in the experimental fits to the data. 
Measuring the B — > D£p rate is also important, because computing ^(1) on the lattice 
is not harder than ^*(1). Other cross-checks will come from ratios of the form factors 
in S — > D*£u, and comparing the shapes of the B ^ D* and B ^ D spectra.^^ 
These can give additional constraints on p^, which is important because the correlation 
between p2 and the extracted value of | Vcbl is very large. 
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2.2.2 B light form factors and SCET 

In B decays to light mesons, there is a much more limited use of heavy quark symmetry, 
since it does not apply for the final state. One can still derive relations between the 
B piu, K*i^fr, and K*^ form factors in the large region. One can also 
relate the form factors that occur in B and D decays to one another. But the symmetry 
neither reduces the number of form factors, nor does it determine their normalization 
at any value of q^. For example, it is possible to predict B — > piP from the measured 
D — > K*£p form factors, using the symmetries: 

uTbV^b 

B > piu 

flavor -1- -N chiral 

SU{2) i i SU{Z) (57) 

D U KHV 

The form factor relations hold at fixed value of v • v', that is, at the same energy of 
the light mesons in the heavy meson rest frame. The validity of these relations is also 
limited to order one values of v ■ v'. (While maximal recoil in B D* and B ^ D 
decays are f ■ f ' ~ 1.5 and 1.6, respectively, it is 3.5 in _B ^ p and 18.9 in B ^ tt.) A 
limitation of this approach is that corrections to both heavy quark symmetry and chiral 
symmetry could be ~ 20% or more each. It may ultimately be possible to eliminate all 
first order symmetry breaking corrections^^ forming a "Grinstein type double ratio"^° 
of the form factors that occur in the four decays {B,D) (p, K*), but this method 
will require very large data sets. The same region of phase space (large and modest 
light meson energy) is also the most accessible to lattice QCD calculations. 

There have been important recent developments toward a better understanding of 
these form factors in the <^ m\ region. It was proposed some time ago that in the 
heavy mass limit heavy-to-light semileptonic form factors become calculable in pertur- 
bative QCD.^^ There were several problems justifying such a proposal; for example, 
diagrams of the type in Fig. 1 1 can give contributions proportional to leading to 
singular integrals {x is the momentum fraction of one of the quarks). There have been 
many attempts to separate "soft" and "hard" contributions and understand how Sudakov 
effects might regulate the singularities.^^ 

It was recently proposed^^ that the 7 form factors that parameterize matrix elements 
of all possible currents (V , A, S, P, T)in B ^ vector meson (p or K*) transitions have 
extra symmetries and can be expressed in terms of two functions, ^±{E) and ^\\{E), in 
the limit where m(, — > oo and Ep^x* = 0{mb). In the same limit, the 3 form factors 
that parameterize decays to pseudoscalars (tt or K) are related to one function, ^p{E). 
Loosely speaking, these relations were expected to arise because soft gluons cannot flip 
the helicity of the energetic light quark emerging from the weak decay. 

A new effective field theory, the soft-coUinear effective theory (SCET),^^"^^ is being 
developed, that is a systematic framework to describe from first principles the interac- 
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Fig. 11. Contributions to heavy-to-light form factors: "soft" nonfactorizable part (left), 
and "hard" factorizable part (right). Note that these pictures are somewhat misleading, 
as explained in the text. (From Ref. [64].) 



tions of energetic but low invariant mass particles with soft quanta. The dynamics of 
a light quark moving along the z direction with large energy Q is simplest to describe 
decomposing its momentum in terms of the light-cone coordinates, p = p±, p"*"), 

qn^ T}^ T}^ T}^ r -i 

p^^ = n.p-+pl + n.p- ^p- - ^ [0{X') + 0{X') + ^(A^)] Q , 

(58) 

where n = (1,0,0,1) and n = (1,0,0,-1) are light-cone vectors (ri^ = 0), and 
A ~ 0{\p±\/p~) is a small parameter (please do not confuse it with the Wolfenstein 
parameter!). We have used that the on-shell condition imposes p^p^ ~ ~ A^ Q^. In 



most applications A ~ y Aqcd/"^;) or AqcD/^^b- The goal is to separate contributions 
from the scales ~ Q^, QAqcd, and Aq^^. 

Similar to the field redefinition in HQET in Eq. (47), one can remove the large 
component of the momentum of a coUinear quark by a filed redefinition^^ 

tP{x) = e-'^-^ U^) , (59) 

where p = p~ n/2+p±^ contain the parts of the light quark momentum that can be para- 
metrically larger than Aqcd- An important complication compared to HQET is that p 
is not a fixed label on the coUinear quark fields (in the sense that the four-velocity, t>, 
is on heavy quarks), since emission of coUinear gluons by a massless quark is not sup- 
pressed and changes p. Therefore, one has to introduce separate coUinear gluon fields 
in addition to coUinear quarks and antiquarks. SCET gives an operator formulation of 
this complicated dynamics with well-defined power counting that simplifies all order 
proofs of factorization theorems, while previously such processes were analyzed only 
in terms of Feynman diagrams. 

As far as heavy-to-light form factors are concerned, the relevant region of phase 
space is the small region, when uim/Em is small. The goal is to have a clean 
separation of contributions from momentum regions p'^ ~ Efj, Em^qcd, and Aqqj-,. 
There are two crucial questions when setting up such a framework. First, it has to be 
proven that such a separation is possible to all orders in the strong interaction. It was 
first shown at leading order in as that the infrared divergences can be absorbed into the 
soft form factors. However, the relative size of the soft and hard contributions depend 
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on assumptions about the tail of the pion wave function or on the suppression of the 
soft part due to Sudakov effects.®^ SCET allows to prove factorization without such 
assumptions, to all orders in ag and to leading order in l/Q{= 1/-Em)-™ A generic 
form factor can be split to two contributions F{Q) — f^{Q) + f^^{Q), where the two 
terms arise from matrix elements of distinct operators between the same states. One 
can write™ 

fiQ) = ^ £dz j\x fdr^Tiz,Q,f,o) 

xJ{z, X, r+, g, /xo, /x) (j)M{x, /x) 0B(r+, /i) , 

/NF(Q)^C,(g,/x)Cf(Q,//). (60) 

The hard coefficients, T, C^, and J are process dependent; and T can be calcu- 
lated in an expansion in as{Q), while the so-called jet function, J, is dominated by 
momenta ~ QAqcd and starts at order ^^(^QAqcd)- In Eq. (60) 0m and (j)'^ 
are nonperturbative distribution amplitudes for the final meson M and the initial B, 
on which both contributions depend. The nonfactorizable part depends on three soft 
form factors, C^^ , which are universal nonperturbative functions. Only one occurs for 
decays to pseudoscalars, and two for decays to vector mesons, thus reproducing the 
heavy-to-light form factor relations.^^ The second question is to understand the power 
counting of the two contributions, including possible suppressions by ag. Both terms 
in Eq. (60) scale as (Aqcd/Q)^^^- It is yet unknown whether the f^^ term might also 
have an as{^JQh.qpD) suppression,™ similar to that present in J. Progress in theory is 
expected to answer this in the formal nib ^ Aqcd limit, and testing the one relation 
between the three experimentally measurable B p^h' form factors could tell us about 
the relative size of the two contributions for the physical h quark mass. 

There are many possible applications. For example, one could use the B K*^ 
rate to constrain the B pii? and B K*i'^i^ form factors relevant for the determi- 
nation of \ Vub\ and searches for new physics. Some others are discussed in Sec. 2.4.2. 



2.3 Inclusive semileptonic B decays 

Sometimes, instead of identifying all particles in a decay, it is convenient to be ignorant 
about some details. For example, we might want to specify the energy of a charged lep- 
ton or a photon in the final state, or restrict the flavor of the final hadrons. These decays 
are inclusive in the sense that we sum over final states which can be produced by strong 
interactions, subject to a limited set of constraints determined by short distance pertur- 
bative physics. Typically we are interested in a quark-level transition, such as 6 — > ciP, 
b — > S7, etc., and we would like to extract the corresponding short distance parameters, 
\Vcb\, C'j{mb), etc., from the data. To do this, we need to be able to model independently 
relate the quark-level operators to the experimentally accessible observables. 
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2.3.1 The OPE, total rates, and | V^t \ 



In the large mi, limit, when the energy released in the decay is large, there is a simple 
heuristic argument that the inclusive rate may be modeled simply by the decay of a free 
b quark. The argument is again based on a separation of time (or distance) scales. The 
b quark decay mediated by weak interaction takes place on a time scale that is much 
shorter than the time it takes the quarks in the final state to form physical hadronic 
states. Once the b quark has decayed on a time scale t <^ Aq^j-,, the probability that the 
final states will hadronize somehow is unity, and we need not know the (uncalculable) 
probabilities of hadronization into specific final states. 

Let us consider inclusive semileptonic b ^ c decay, mediated by the operator 

Osl = --^Vcb{JbcT {J£u)a , (61) 

where = (c'J^Pl b) and jf, = (I'^^Pl v). The decay rate is given by the square of 
the matrix element, integrated over phase space, and summed over final states, 

T{B^X,^v)^Yl /d[PS]|(X,£z7|0si|5)^ (62) 

Since the leptons have no strong interaction, it is convenient to factorize the phase 
space into B XcW* and a perturbatively calculable leptonic part, W* — > ii^. The 
nontrivial part is the hadronic tensor, 

W-^ -Y.^\PB -q-px) \{B\J^.^\X^) {XMB)\' 

Xc 

~ \mjdxe-^'^-{B\T{J^^^{x)Jtm\B). (63) 

where the second line is obtained using the optical theorem, and T denotes the time 
ordered product of the two operators. This is convenient, because it is this time ordered 
product that can be expanded in local operators in the m^ ^ Aqcd limit. In this limit 
the time ordered product is dominated by short distances, x <^ Aq^j-,, and one can 
express the nonlocal hadronic tensor W°'^ as a sum of local operators. Schematically, 




This is analogous to a multipole expansion. At leading order the decay rate is deter- 
mined by the b quark content of the initial state, while subleading effects are parame- 
terized by matrix elements of operators with increasing number of derivatives that are 
sensitive to the distribution of chromomagnetic and chromoelectric fields. 
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At lowest order in AQCD/mt this operator product expansion (OPE) leads to opera- 
tors of the form bVb, where T is some (process-dependent) Dirac matrix. For F = 
or 7/^75 their matrix elements are known to all orders in Aqcd / 

{B{pB)\bYb\B{pB)) = 2p^ = 2mB^;^ 
{B{pB)\br'y5b\B{pB)) = 0, (65) 

because of conservation of the b quark number and parity invariance of strong interac- 
tions. The matrix elements for other F's can be related by heavy quark symmetry to 
these plus 0{AQQY)/ml) terms. Thus the OPE justifies that inclusive B decay rates in 
the nib ^ 00 limit are given by free b quark decay. 

To compute subleading corrections, it is convenient to use HQET. There are no 
0(Aqcd/^6) corrections, because the B meson matrix element of any dimension- 
4 operator vanishes, {B{v)\hlj'HDaTh^^'>\B{v)) = 0. The leading nonperturbative 
effects suppressed by Aqc^/m^ are parameterized by two HQET matrix elements, 

^1-7^ {B\ h^\iDf h^'^ \B) , A2 = {B\ h^) I a,^ G^^ \B) . (66) 

The B* — B mass splitting determines A2 = (m^, — m^)/4 ^ 0.12 GcV^, whereas the 
most promising way to determine Ai is from experimental data on inclusive decay dis- 
tributions, as explained below. The result of the OPE can then be written schematically 
as 

dr= ("7^*) x{l + A+/%M + . + + I. (67) 

V decay J I mi, m% J 

At order A^cn/^l^ "^^^ ^^^^ largely unknown hadronic matrix elements enter, and 
usually naive dimensional analysis is used to estimate the uncertainties related to them. 
For most quantities of interest, the perturbation series are known including the ag and 
ctg/So terms, where /9o = 11 — 2n//3 is the first coefficient of the QCD /3 -function (in 
many cases this term is expected to dominate the order corrections). 

In which regions of phase space can the OPE be expected to converge? Near bound- 
aries of the Dalitz plot the assumption that the energy release to the final hadronic state 
is large can be violated. It is useful to think of the OPE as an expansion in the residual 
momentum of the b quark, k, in the diagram on the left-hand side of Eq. (64). Expand- 
ing the propagator, 

(m^f + k — qY — [{m^v — qY — m'^] + [2k ■ (m^v — q)] + k'^ ' 

we see that for the expansion in powers of k to converge, the final state phase space can 
only be restricted in a manner to still allow hadronic final states X to contribute with 

- > ^xAqcd > Aqcd ■ (69) 
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Before discussing the implications of this inequality, it has to be mentioned that the 
OPE implicitly relies on quark-hadron duality/^ This is simply the notion that averaged 
over sufficiently many exclusive final states, hadronic quantities can be computed at the 
parton level. Its violations are believed to be small for fully inclusive semileptonic B 
decay rates (although this is not undisputed^^), however, exactly how small is very hard 
to quantify. Comparing differential distributions discussed below appears to be the 
most promising way to constrain it experimentally. 

The good news from Eq. (69) is that the OPE calculation of total rates should be 
under good control. The theoretical uncertainty is dominated by the uncertainty in a 
short distance b quark mass (whatever way it is defined) and in the perturbation series. 
Using the "upsilon expansion", the relation between the inclusive semileptonic rate and 
\Vcb\ is'' 

= (41.9±0.8(pert)±0.5(^,)±0.7(,,)) X 10"=^ {^^^^^^^ ^)'^'- ^^^^ 

The first error is from the uncertainty in the perturbation series, the second one from 
the b quark mass, ml^ = 4.73 ± 0.05 GeV (a very conservative range of nib may be 
larger''^), and the third one from Ai = —0.25 ± 0.25 GeV^. This result is in agree- 
ment with Ref. [77], where the central value is 40.8 x 10~^ (including a small, 1.007, 
electromagnetic radiative correction). 

Progress in the determinations of nib and Ai is likely to come from measurements 
of shape variables in inclusive B decays. The idea is to look at decay distributions 
independent of CKM elements to learn about the hadronic parameters, that can in turn 
reduce the errors of the CKM measurements. Such observables are ratios of differently 
weighted integrals of decay distributions (sometimes called "moments"); specifically 
the charged lepton energy ''^"^^ and hadronic invariant mass^^'^^ spectra in B ^ X^^iiy 
and the photon energy spectrum in 5 — > Xs^.^^~^^ Comparing these shape variables 
is also the most promising approach to constrain experimentally the accuracy of OPE, 
including the possible size of quark-hadron duality violation. The presently available 
measurements^^'^^ do not seem to fit well together. It appears crucial to determine the 
B D^*^!? branching ratios with higher precision, to model independently map out 
the hadronic invariant mass distribution in B ^ Xcii' decay, and to try to measure the 
B Xg'j spectrum to as low photon energies as possible. If the overall agreement 
improves, then this program may lead to an error in \ Vcb\ at the ~ 2% level. 

The bad news from Eq. (69) is that in certain restricted regions of phase space the 
OPE breaks down. This is a problem, for example, for the determination of \ Vub\ from 
B — > XuiP, because severe cuts are required to eliminate ~ 100 times larger b ^ c 
background. Similarly, in S — > ^^7, the rate can only be measured for energetic 
photons that populate a modest region of phase space, — E^™ < 1 GeV. Some of 
the new theoretical problems that enter in such situations are discussed next. 
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2.3.2 B Xuif spectra and \Vub\ 

If it were not for the huge B — > Xc(-i> background, measuring \ Vub\ would be as "easy" 
as \ Vcb\ - The total B XuiP rate can be predicted in the OPE with small uncertainty/^ 

IK.I = (3.04 ± 0.06(pen) ± 0.08(„,)) x 10"^ (^^^q^^^^) (^1) 

where the errors are as discussed after Eq. (70). If this fully inclusive rate is measured 
without significant cuts on the phase space, then \ Vub\ may be determined with less than 
5% theoretical error. 

When kinematic cuts are used to distinguish the 6 — > m signal from the 6 — c 
background, the behavior of the OPE can become significantly worse. As indicated by 
Eq. (69), there are three qualitatively different regions of phase space, depending on 
how the invariant mass and energy of the hadronic final state (in the B rest frame) is 
restricted: 

(i) rrix ^ ExA.QCD ^ ^qcd- the OPE converges, and the first few terms are ex- 
pected to give reliable result. This is the case for the B — > Xc£P width relevant 
for measuring iT^bl- 

(ii) nix ~ Ex^QCT) ^ ^qcd- ^ infinite set of equally important terms in the OPE 
must be resummed. The OPE becomes a twist expansion and nonperturbative 

input is needed. 

(iii) mx ~ Aqcd: the final state is dominated by resonances, and it is not known how 
to compute any inclusive quantity reliably. 

The charm background can be removed by several different kinematic cuts: 

1. Ei > {m\—ni\))/{2rnB)'. the lepton endpoint region that was used to first observe 
b ^ u decay; 

2. mx < rriD- the small hadronic invariant mass region;^^"^^ 

3. Ex < niD- the small hadronic energy region;^^ 

4. = {pe + pi,Y > {niB — m^)^: the large dilepton invariant mass region.^^ 
These contain roughly 10%, 80%, 30%, and 20% of the rate, respectively. Measuring 
any other variable than E^ requires the reconstruction of the neutrino, which is challeng- 
ing experimentally. Combinations of cuts have also been proposed, with mx [95], 
g2 with Ef, [96], or mx with Ex [97]. 

The problem is that both phase space regions 1. and 2. belong to the regime (ii), 
because these cuts impose mx ^ rriD and Ex ^ rriB, and numerically Aqcd ~ 
m|,. The region mx < mu is better than Ee > (m| — m|,)/(2mB) inasmuch as 
the expected rate is larger, and the inclusive description is expected to hold better. But 
nonperturbative input is needed in both cases, formally at the 0(1) level, which is why 
the model dependence increases rapidly if the mx cut is lowered below mo-^^ These 
regions of the Dalitz plot are shown in Fig. 12. 
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Fig. 12. Dalitz plots for B Xiu in terms of Ee and (left), and nix and (right). 




Fig. 13. B ^ Xuiy spectra — Ei (left), m\ (middle), and (right) — as given by 
h quark decay including 0{as) terms (dashed curves), and including the Fermi motion 
model (solid curves). 



The large Ei and small mx regions are determined by the h quark light-cone distri- 
bution function that describes the Fermi motion inside the B meson (sometimes called 
the shape function). Its effect on the spectra are illustrated in Fig. 13, where we also 
show the spectrum unaffected by it. This nonperturbative function is universal at 
leading order in AqcD/^^bj and is related to the B Xg'y photon spectrum.^^ These 
relations have been extended to the resummed next-to-leading order corrections,^^ and 
to include effects of operators other than Oj contributing to i? — > Xs7.^°° Weighted 
integrals of the B Xg'j photon spectrum are equal to the B X^fz/ rate in the large 
Eg or small mx regions. Recently CLEO^°^ used the B X^^ photon spectrum as an 
input to determine \ Vub\ = (4.08 ± 0.63) x 10^^ from the lepton endpoint region. 

The dominant theoretical uncertainty in this determinations of | Vub \ are from sub- 
leading twist contributions, which are not related to B ^ Xs'j}^'^ The B — > 
lepton spectrum, including dimension-5 operators and neglecting perturbative correc- 
tions, is given by^^ 



dr 

dy 



ub 



192 7r3 



5Ai 



A, 



2y) + Tr4r + ^r(6 + 52/) 



3m^ 



2e{l-y) 



6m? 



+ 



IIA2 
2ml 



25(l-y)-^25'(l-y) + ...}. 



(72) 
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The behavior near y = 1 is determined by the leading order structure function, which 
contains the terms 2[9{1 — y) — Ai/ (Gm^) 5' (I — ?/) + ...]. The derivative of the same 
combination occurs in the B photon spectrum/*^^ given by 



dr _ Glml\V,,V:,\''aC^, 

dx 32 TT^ 



Ai-9A2A,,, A1 + 3A2 

Ai 



1 + 0^.2 - ^) ^z:^ (5 (1 - X) 



2ml ^ 2m^ 



6m^ 



(73) 



At subleading order, proportional to 5(1 — y) in Eq. (72) and to 5'{\ — x) in Eq. (73), 
the terms involving A2 differ significantly, with a coefficient 11/2 in Eq. (72) and 3/2 
in Eq. (73). Because of the 11/2 factor, the A2 5(1 — y) term is important in the lepton 
endpoint region.^^^'^'^^'^^^ There is also a significant uncertainty at order Aq^j^/m^ 
from weak annihilation. Moreover, if the lepton endpoint region is found to be 
dominated by the tt and p exclusive channels, then the applicability of the inclusive 
description may be questioned. 

In contrast to the above, in the > {niB — moY region the first few terms in 
the OPE determine the rate.^^ This cut implies Ex ^ rnc and mx ^ thd, and so 
the m\ ^ ExAqcd ^ ^qcd criterion of regime (i) is satisfied. This relies, how- 
ever, on rric ^ Aqcd, and so the OPE is effectively an expansion in Aqcd/"^c-^°^ 
The largest uncertainties come from order Aqcc/'^c.b nonperturbative corrections, the 
b quark mass, and the perturbation series. Weak annihilation (WA) suppressed by 
^Qco/^b is important, because it enters the rate as 5(g^ — m^).^°^ Its magnitude is 
hard to estimate, because it is proportional to the difference of two matrix elements, 
which are equal in the factorization limit. Assuming a 10% violation of factorization, 
WA could be ~ 2% of the B — > X^lP rate, and, in turn, ~ 10% of the rate in the 

> {iriB — mo)^ region. The uncertainty of this estimate is large. Since this contri- 
bution is also proportional to 5{Ee — 7725/2), it is even more important for the lepton 
endpoint region. Experimentally, WA can be constrained by comparing \ Vub\ measured 
from and B^ decays, and by comparing the and Ds semileptonic widths. 

Combining the q'^ and mx cuts can significantly reduce the theoretical uncertain- 
ties.^^ The right-hand side of Fig. 12 shows that the cut can be lowered below 
{niB — mo)^ hy imposing an additional cut on mx- This changes the expansion pa- 
rameter from Aqcd/"t.c to mbAqcu/iml — g^ut), resulting in a significant decrease of 
the uncertainties from both the perturbation series and from the nonperturbative correc- 
tions. At the same time the uncertainty from the b quark light-cone distribution function 
only turns on slowly. Some representative results are give in Table 3, showing that it 
may be possible to determine \ Vub\ with a theoretical error at the ~ 5% level using up 
to ~ 45% of the semileptonic decays. 
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Cuts on 


Fraction 


Error of \ Vub\ 


(f" and vrix 


of events 


Srrib = 80/30 MeV 


6GeV^ mc 


46% 


8%/5% 


8GeV^ 1.7 GeV 


33% 


9%/6% 


{vTiB - moY, ruD 


17% 


15%/12% 



Table 3. from combined cuts on and mx (from Ref. [95]). 



2.4 Some additional topics 

This section contains short discussions of three topics that there was no time to cover 
during the lectures, but were included in the printed slides. Skipping this section will 
not affect the understanding of the rest of this writeup. 



2.4.1 B decays to excited D mesons 

Heavy quark symmetry implies that in the uiq — > oo limit, matrix elements of the 
weak currents between a B meson and an excited charmed meson vanish at zero recoil. 
However, in some cases at order Aqcd/^q these matrix elements are nonzero and 
calculable. Since most of the phase space is near zero recoil, Aqcd/?71q corrections 
can be very important. 

In the heavy quark limit, for each doublet of excited D mesons, all semileptonic de- 
cay form factors are related to a single Isgur-Wise function. At (9(Aqcd/"^q) many 
new functions occur. In B ^ (Di, 1^2)^^ there are 8 subleading Isgur-Wise functions 
(neglecting time ordered products with subleading terms in the Lagrangian, which are 
expected to be small or can be absorbed), but only 2 of them are independent. ^"'^ More- 
over, in S — > orbitally excited D decays, the zero recoil matrix element at 0(Aqcd / ^q) 
is given by mass splittings and the mq — > 00 Isgur-Wise function. For example, in 
B DilP decay, 

/vi(l) = --^(A'-A)r(l). (74) 
Here fv^ is the form factor defined by 

{D,{v\ eWlBiv)) = V^w^ [Me*" + {fvX + fv.v'^W ■ v)] , (75) 

which determines the rate at zero recoil, similar to /i^i in -B D* decay defined in 
Eq. (51). Here r denotes the leading order Isgur-Wise function, and A' is themoj — iric 
mass splitting in the heavy quark limit (A' — A = Ai in Fig. 9). Using Eq. (74), 
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the decay rate can be expanded simultaneously in powers of AQcn/mQ and w — 1 
schematically as 



dr{B L>i£i/) 
dw 



oc - 1 [r(l)]2|o + (w - 1) + (. . - 1)2 + . . . 

^ Aqcd Fq ^ (almost calculable) - 1) + . . 



I ^^QCD 

2 



[(calculable) + ...] + ... I (76) 



The zeros and the calculable terms are model independent predictions of HQET, while 
the "almost calculable" term has a calculable part that is expected to be dominant. 

There are many experimentally testable implications. One of the least model de- 
pendent is the prediction for 

^=B{B^ DM ' ^^^^ 

because the leading order Isgur-Wise function drops out to a good approximation. This 
ratio is around 1.6 in the infinite mass limit, and it was predicted to be reduced to about 
0.4 — 0.7/°^ because Aqcd/^^^c corrections enhance the B ^ Di rate significantly but 
hardly affect B D^- The present world average is about 0.4 ± 0.15. 

To compare the B [Di, D^) rates with (Dq, D^), we need to know the leading 
Isgur-Wise functions. Quark models and QCD sum rules predict that the Isgur-Wise 
function for the broad {Dq,DI) doublet is not larger than for the narrow {D-i^D^) 
doublet. ^^'^ These arguments make the large B — > [Dq, Dl)iP rates puzzling. 

Another way the theory of these decays can be tested is via nonleptonic decays. 
Factorization in S — > D**7r is expected to work as well as in S — > D'^*^^ (see Sec. 3.3), 

r. = X (fi) . (78) 

moT V aw I 

where r = m£)**/mB, fn — 131 Me V, Wmax = (1 + r'^)/{2r) ~ 1.3 in these decays, 
and C \Vud\ — 1- (As we will see in Sec. 3.3.1, this test would be more reliable in 
B^ decay, however that is harder to measure experimentally.) An interesting ratio with 
little sensitivity to the leading order Isgur-Wise function was recently measured with 
good precision^^^ 

whereas the CLEO result was 1.8 ± 0.9.^^^ Figure 14 shows that R^^ is very sensitive 
to the subleading C>(Aqcd/'"^q) Isgur-Wise functions, fi and T2. Assuming that they 
are below 500 MeV (which is not an unusually large value by any means), the theory 
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Fig. 14. Factorization prediction for i?^ defined in Eq. (79) as a function of fi for f2 = 
(solid curve), and as a function of f2 for fi = (dashed curve). (From Ref. [108].) 

predicts R-,, < 1. Neglecting Aqcd/^q corrections/^^ the prediction is Rt, ~ 0.35, as 
also seen from Fig. 14. We learn that the BELLE result in Eq. (79) agrees well with 
theory, which is a success of HQET in a regime with large sensitivity to AqcD/rriQ ef- 
fects. It constrains the subleading Isgur-Wise functions, which has useful implications 
for the analysis of S — > Di£p and D2iP decays. 

Sorting out these semileptonic and nonleptonic decays to excited D's will provide 
important tests of HQET, factorization, and will also impact the determinations of iT^bl • 

2.4.2 Exclusive rare decays 

Exclusive rare decays are interesting for a large variety of reasons. As any flavor- 
changing neutral current process, they are sensitive probes of new physics, and within 
the SM they are sensitive to \Vtd\ and \Vts\. For example, B K^*H'^£~ or B ^ 
X are sensitive to SUSY, enhanced bsZ penguins, right handed couplings, etc. 

Exclusive rare decays are experimentally easier to measure than inclusive decays, 
but a clean theoretical interpretation requires model independent knowledge of the cor- 
responding form factors. (However, certain CP asymmetries are independent of them.) 
It was originally observed that there is an observable, the forward-backward asymme- 
try in S —> K*i'^£~, ApB, that vanishes at a value of the dilepton invariant mass, q^, 
independent of form factor models^^^ (near Qq — 4GeV^ in the SM, see Fig. 15). This 
was shown to follow from the large energy limit, ^^'^^ as far as the soft contributions to 
the form factors are concerned. One finds the following implicit equation for 



CM) = -Cr 



2mB mj, 



l + 0( "a 




(80) 
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Fig. 15. Forward-backward asymmetry in S — > K*£'^i decay in different form factor 
models (s = q^). (FromRef. [114].) 



The quotation marks around the corrections indicate that it is actually not known 
yet whether these are formally suppressed compared to the "leading" terms. The order 

as terms have been calculated,^^'^^^ but reliable estimates of the Aqcd/ Ek* terms are 
not available yet. It is hoped that with future theoretical developments the vanishing of 
ApB will allow to search for new physics ; Cy is known from B Xg^, so the zero 
of ApB determines Cg, which is sensitive to new physics (C7 g are the effective Wilson 
coefficients often denoted by Cyj^, and Cg has a mild -dependence). 

There has also been considerable progress refining predictions for B — > K*^ and 
fTf. The calculations of 0{as) corrections show a strong enhancement (~ 80%) of the 
B — > K*^ rate.^^^'^^^ The counting of ag factors is again not firmly established yet. 

The form factors also enter the prediction for the isospin splitting. These are power 
suppressed corrections, but were claimed to be calculable with some assumptions. 
The prediction, 

is to be compared with the present world average, 0.02 ± 0.07. 

Testing these predictions is important in their own rights, and may also help to 
understand some assumptions entering factorization in charmless nonleptonic B decay. 



2.4.3 Inclusive rare decays 

Rare B decays are sensitive probes of new physics. There are many interesting modes 
sensitive to different extensions of the Standard Model. For example, B — > Xg^ pro- 
vides the best bound on the charged Higgs mass in type-II two Higgs doublet model, 
and also constrains the parameter space of SUSY models. Other rare decays such as 
B Xt^l~ are sensitive through the hsZ effective coupling to SUSY and left-right 
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Decay mode Approximate SM rate Present status 



(3.4 ± 0.4) X 10-^ 

< 7.7 X 10"^ 

< 5.7 X 10"^ 
(6 ±2) X 10-6 

< 6.5 X 10-6 
< 2 X 10-6 

< 2.8 X 10-^ 



Table 4. Some interesting rare decays, their SM rates, and present status. 

symmetric models. B ^ Xvv can probe models containing unconstrained couplings 
between three 3rd generation fermions.^^^ 

We learned in the last year that the CKM contributions to rare decays are probably 
the dominant ones, as they are for CP violation in S — > '^Kg. This is supported by 
the measurement of B{B — > Xg^) which agrees with the SM at the 15% level^^'^^^; 
the measurements of -B — > Xst^(.~ and B Ki~^£~, which are in the ballpark of 
the SM expectation^^'^'^^^; and the non-observation of direct CP violation in 6 ^ 57, 
Acp{B X,7) = -0.08 ± 0.11^22 and AcpiB K*j) = -0.02 ± 0.05,^23 ^j^j^h 
are expected to be tiny in the SM. These results make it unlikely that new physics yields 
order-of-magnitude enhancement of any rare decay. It is more likely that only a broad 
set of precision measurements will be able to find signals of new physics. 

At present, inclusive rare decays are theoretically cleaner than the exclusive ones, 
since they are calculable in an OPE and precise multi-loop results exist (see Ref. [124] 
for a recent review). Table 4 summarizes some of the most interesting modes. The 
6 — > (i rates are expected to be about a factor of \Vtd/Vts\'^ ~ smaller than the 
corresponding b ^ s modes shown. As a guesstimate, in 6 ^ g I1I2 decays one expects 
10 - 20% K*/p and 5 - 10% K/tt. 

A source of worry (at least, to me) is the long distance contribution, B -iJjX^ 
followed by t/) — > i^i^, which gives a combined branching ratio B{B — > Xgi^i^) ^ 
(4 X lO-'^) X (6 X 10-^) f« 2 X 10-^. This is about 30 times the short distance contri- 
bution. Averaged over a large region of invariant masses (and < < m\ should be 



B^Xs^ 
B XsPu 

B^TV 

B x,i+e- 

Bs T+T- 
B XsT+T- 

B ^ III/ 
Bg 
B 



3.6 X 10-^ 

4 X 10-5 

4 X 10-5 

5 X 10-6 

1 X 10-6 
5 X 10-^ 

2 X 10-^ 
4 X 10-9 
1 X 10-^° 
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large enough), the cc loop is expected to be dual to ijj + ijy + . . .. This is what happens in 
e+e hadrons, in r decay, etc., but apparently not here. Is it then consistent to "cut 
out" the and V^' regions and then compare the data with the short distance calculation? 
Maybe yes, but our present understanding is not satisfactory. 

2.5 Summary 

• iKtl is known at the ~ 5% level; error may become half of this in the next few 
years using both inclusive and exclusive determinations (latter will rely on lattice). 

• Situation for | Vub \ may become similar to present | Kb | ; for precise inclusive deter- 
mination the neutrino reconstruction seems crucial (the exclusive will use lattice). 

• For I Vcb I and | Vub \ important to pursue both inclusive and exclusive measurements. 

• Progress in understanding heavy-to-light form factors in <^ m\ region: B — > 

p^v, ii'(*^7, and K'^*H~^i~ below the ijj ^ increase sensitivity to new physics. 
Related to certain questions in factorization in charmless decays. 

3 Future Clean CP Measurements, Nonleptonic B De- 
cays, Conclusions 

This last lecture discusses several topics which will play important roles in the future 
of B physics. First, the complications of a clean determination of the CKM angle a 
from S — > TTTT decays, and how those might be circumvented. Then we discuss some 
future clean CP measurements, such as Bg — > DgK and B — > DK. Although some 
of these measurements are only doable at a super-S -factory and/or LHCb/BTeV, their 
theoretical cleanliness makes them important. The second half of the lecture deals 
with factorization in i? ^ D^*^X type decays and its tests, followed by the different 
approaches to factorization in charmless decays and some possible applications. 

Effective Hamiltonians Nonleptonic B decays mediated by AB = —AC = ±1 
transitions are the simplest hadronic decays, described by the effective Hamiltonian 

AC 2 

= — ^ KfeV;; E + h.c. , (82) 

where q — s or d, and 

Oii^i) = {oil A) i4rbl) , = {ql^.uD ■ (83) 
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Here a and are color indices. The AB = AC = ±1 Hamiltonian is related to 
Eqs. (82)-(83) by the trivial u interchange. 

Decays with AS = ±1 and AC = are more complicated, 

4C 

^ = ^ E ^.-ftV^; E o.if,) + h.c. , (84) 

V ^ j=u,c i 

The Ci are calculable Wilson coefficients, known to high precision. To write Eq. (84), 
the unitarity relation VthV^* = —VcbV*^ — VubV*^ is used to rewrite the CKM elements 
that occur in penguin diagrams with intermediate top quark in terms of the CKM ele- 
ments that occur in tree diagrams. The operator basis is conventionally chosen as 



oi 




Oi 




03 


q' 




q' 




q' 




q' 


Os 









(85) 



where j = c or u, and the sums run over q' = {u, d, s, c, b}. In Og, G^^ is the chromo- 
magnetic field strength tensor. Usually Oi and O2 are called current-current operators, 
O3 — Oe are four-quark penguin operators, and Og is the chromomagnetic penguin oper- 
ator. These operators arise at lowest order in the electroweak interaction, i.e., diagrams 
involving a single W boson and QCD corrections to it. In some cases, especially when 
isospin breaking plays a role, one also needs to consider penguin diagrams which are 
second order in ctew They give rise to the electroweak penguin operators, 

or = I oil, hi E e,' , or = ^ q^lX E ^q' Qi^q'S > (86) 

q' q' 

O9 - 2 ^Lliibi 1^ e,/ q^ TQl > O^q - - qL^^bj^ ^ e^/ q^ TQl ■ 

q' q' 

Here F^^ is the electromagnetic field strength tensor, and e^' denotes the electric charge 
of the quark g'. 

Sometimes the contributions to decay amplitudes are classified by the appearance 
of Feynman diagrams with propagating top quarks, W and Z bosons, and people talk 
about tree (T), color-suppressed tree (C), penguin (P), and weak annihilation or W- 
exchange (W) contributions. While this may be convenient in some cases, the resulting 
arguments can be misleading. The separation between these contributions is usually 
ambiguous, as the "tree" and "penguin" operators mix under the renormalization group. 
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Fig. 16. "Tree" (left) and "Penguin" (right) contributions to B ^ nn (from Ref. [40]). 



At the scale rrib the physics relevant for weak decays is described by the operators in 
Eqs. (83), (85), and (86), and their Wilson coefficients, and there are no propagating 
heavy particles. Usually one calls the Oi and O2 contributions (plus possibly a part 
of O3 — Oq and Og) "tree", while O3 — Oq and Og (plus possibly a part of Oi — O2) 
"penguin". Below we will try to state clearly what is meant in each case. 

3.1 B TTTT — beware of penguins 

We saw in Sec. 1.6.2 that the CP asymmetry in B i^Ks gives a theoretically very 
clean determination of sin 2/5, because the amplitude is dominated by contributions 
with a single weak phase. Similar to that case, there are tree and penguin contributions 
to the B — > TT+TT amplitude as well, as shown in Fig. 16. The tree contribution comes 
from h — > uud transition, while there are penguin contributions with three different 
CKM combinations 



At = KoKTrf T^vA , Ap = VtbV:^ Pt + V^V:^ P, + Pu ■ (87) 



The convention is to rewrite the penguin contributions in terms of V^bV^ and VthV^^ 
[instead of VcbV^, as in Eq. (84)] using CKM unitarity as 



where the second line defines T and P. If the penguin contribution was small, then the 
CP asymmetry in S — > tt'^tt" would measure = sin 2a, since 



The first term is the SM value ofq/p'mBd mixing and the second one is At/ At- 

The crucial new complication compared to B i^Ks is that the CKM elements 
multiplying both contributions in Eq. (88) are of order A^, and so | {VtbV^*^) / (KfeKTd) I — 



A = VubV:^ {T^ud + Pu- Pc) + VtbV;^ {Pt - Pc) 




(88) 




(89) 
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whereas the analogous ratio in 5 ^ ipKs in Eq. (43) was |(K6K*s)/(^c6Ks)| — 
1/50. Therefore, we do not know whether amplitudes with one weak phase dominate, 
and our inability to model independently compute P/T results in a sizable uncertainty 
in the relation between ImATrTr and sin 2a. If there are two comparable amplitudes with 
different weak and strong phases, then sizable CP violation in the B — > tt+tt" decay 
is possible in addition to that in the interference between mixing and decay. 

Present estimates of \P/T\ are around 0.2 — 0.4. The large B — > Ktt decay rate, 
which is probably dominated by the h s penguin amplitudes, implies the crude 
estimate |P/T| ~ A ^B{B Kn)/B{B nn) ~ 0.3, i.e., \P/T\ ^ 1. TheBABAR 
and BELLE measurements^^^ do not yet show a consistent picture. BELLE measured a 
large value for Ctttt [see the definition in Eq. (40)], while the BABAR result is consistent 
with zero. If C^tt is sizable, that implies model independently that \P/T\ cannot be 
small. However, if Ctttt is small, that may be due to a small strong phase between the P 
and T amplitudes and does not imply model independently that \P/T\ is small, nor that 
S'tttt is close to sin 2a. The central value of the BELLE measurement indicates that both 
the magnitude and phase of P/T has to be large, whereas the BABAR central value is 
consistent with a modest \P/T\. 

There are two possible ways to deal with a non-negligible penguin contribution: 
(i) eliminate P (see the next section); or (ii) attempt to calculate P (see Sec. 3.4). 

3.1.1 Isospin analysis 

Isospin is an approximate, global SU{2) symmetry of the strong interactions, violated 
by effects of order (m^ — niu) / {'^i^ f-n) ~ 1%. It allows the separation of tree and 
penguin contributions. Let's see how this works. The {u,d) quarks and the {d,u) 
antiquarks each form an isospin doublet, while all other (anti)quarks are singlets under 
SU (2) isospin. Gluons couple equally to all quarks so they are also singlets. The 7 and 
the Z are mixtures of / = and 1, as they have unequal couplings to uu and dd. 

The transformation of B mesons are determined by their flavor quantum numbers, 
i.e., B-) form an 7 = | doublet. The pions form an 7 = 1 triplet. Since the B 
meson and the pions are spinless particles, the pions in B ^ vrvr decay must be in a 
state with zero angular momentum. Because of Bose statistics, the pions have to be in 
an even isospin state. While \n^n^) is manifestly symmetric, when writing Ivr+vr") and 
|7r°7r^) what is actually meant is the symmetrized combinations (|7r+7r~) + |7r^7r+))/v^ 
and (|7r°7r") + |7r"7r°))/\/2, respectively. The isospin decompositions of |7r°7r°) and 
Itt+tt ) were given in Eq. (24), so we only need in addition 

|7r°7r-)= |(7r7r),=2). (90) 

The h — > uud Hamiltonian is a mixture of I — \ and |. More precisely, it has 
\I,Iz) — If' ~i) pieces, which can only contribute to the 7 = and 



45 



1 = 2 final states, respectively. The crucial point is that the penguin operators (O3 — Oq 
and Os) only contribute to the |/, Iz) = ||, — |) part of the Hamiltonian, because the 
gluon is isosinglet (these operators involve a flavor sum, J2(i'q')- If we can (effectively) 
isolate CP violation in the / = 2 final state then the resulting asymmetry would deter- 
mine sin 2a. However, electroweak penguin operators [O7 and O^^ — Of^ in Eq. (86)] 
contribute to both I — \ and | pieces of the Hamiltonian, and their effects cannot be 
separated from the tree contributions via the isospin analysis. 

Besides the decomposition of the nn final state in Eqs. (24) and (90), we also have 
to consider the combination of the and B with the Hamiltonian, where another 
Clebsch-Gordan coefficient enters. The I = \ part of the Hamiltonian only contributes 
to decay. However, the / = | part has different matrix elements in i?" and B^ 
decay: (50|i/,=3/2|(vr7r),=2) = (1/72)^2, while (5-|i/,=3/2|(7r7r),=2) = (v^/2)A. 
Thus the ^2 = ^2/ amplitude in decay has to be multiplied by ^3/2 to get the 
relative normalization of the B~ amplitude right. We thus obtain 

A^' ^ A{B' ttV) = -\^-A, + w|a2 , 




A+- = A(S° 

= A{B- ^ n\-) = W ^ ^2 . (91) 



This implies the triangle relation 

V2 



^ A+- + A^° = . (92) 



Similar isospin decompositions hold for B^ and B~^ decays, yielding another triangle 
relation 

1 ^+_^oo_^o+_ (93) 
V2 

Since only a single isospin amplitude contributes to A^~ and ^4°+, we have \A°~\ = 
|A°+| (however, in general, l^"*""! 7^ 1^"*""! and \A^^\ ^ |A°°|). So one can superim- 
pose the two triangles by introducing A^^ = e'^^'^^A*^, where (j)T = aTg{VubV*^). 

Measuring the six decay rates entering Eqs. (92) and (93) allows the construction 
of the two triangles shown in Fig. 17. Measuring in addition the time dependent CP 
asymmetry in 5 — > ti~^ti~ determines 

Im = Im (^e^*" ^) = Im e^'^''+^^ . (94) 

Since S, the strong phase difference between and is known from the con- 
struction in Fig. 17, this provides a theoretically clean determination of the CKM angle 
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Fig. 17. The isospin triangles of Eqs. (92) and (93). 

a. Probably the dominant remaining theoretical uncertainty is due to electroweak pen- 
guins mentioned above, that cannot be eliminated with the isospin analysis. This has 
been estimated to give a < 5% uncertainty.^ There is also a four-fold discrete ambiguity 
in S corresponding to reflections of each of the two triangles along the ^4°+ side. 

A similar analysis is also possible in S — > p7r decays. A complication is that the 
final state contains non-identical particles, so it can have / = 0, 1, and 2 pieces. Then 
there are four amplitudes, and one obtains pentagon relations ^^"^ instead of the B ^ rni 
triangle relations. It may be experimentally more feasible to do a Dalitz plot analysis 
that allows in principle to eliminate the hadronic uncertainties due to the QCD penguin 
contributions by considering only the tt+tt'tt^ final state.^^® 

3.2 Some future clean measurements 

We discuss below a few theoretically clean measurements that may play important roles 
in overconstraining the CKM picture (in addition to S — > (t)Ks discussed in Sec. 1.6.3, 
and B ^ TTTT [pvr] with isospin [Dalitz plot] analysis discussed above). These also 
indicate the complementarity between high statistics e+e" and hadronic B factories. 

3.2.1 il)(t) and tj^rj^'^ 

Similar to B ipKs,L, the CP asymmetry in Bg ^(p measures the phase difference 
between B^ mixing and b — > ccs decay, /J^, in a theoretically clean way. The greater 
than 10% CL range of sin 2/5, in the SM is"^*^ 0.026 < sin 2/?, < 0.048 (see Fig. 18). 

The ip(t^ final state is not a pure CP eigenstates, but it has CP self conjugate par- 
ticle content and can be decomposed into CP-even and odd partial waves. An angu- 
lar analysis can separate the various components, and may provide theoretically clean 
information on Ps- Even before this can be done, one can search for new physics, 
since the asymmetry measured without the angular analysis can only be smaller in 
magnitude than sin2/3s. If is the CP-even fraction of the t/jcf) final state (i.e.. 
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Fig. 18. Confidence levels of sin2/3s in the SM with and without including the con- 
straint from the CP asymmetry in i? — > ipKs (from Ref. [39]). 

= a\CP = +) + VI -"2 \CP = -)), then S^^ = {2o? - 1) sin 2/3,. Thus, the 
observation of a large asymmetry would be a clear signature of new physics. 

The advantage of Bg — > ^77^') compared to Bg — > ^0 is that the final states are pure 
CP-even. BTeV will be well-suited to measure the CP asymmetries in such modes. 

3.2.2 Bs DfK'F and Ba D^^^'^tt'^ 

In certain decays to final states which are not CP eigenstates, it is still possible to 
extract weak phases model independently from the interference between mixing and 
decay. This occurs if both B^ and B^ can decay into a final state and its CP conjugate, 
but there is only one contribution to each decay amplitude. In such a case no assumption 
about hadronic physics is needed, even though 7^ 1 and 7^ 1. 

An important decay of this type is Bg DfK^, which allows a model independent 
determination of the angle 7.^^^ Both i?° and B^ can decay to DfK^ and , but 

there is only one amplitude in each decay corresponding to the tree level h — > cus and 
h ucs transitions, and their CP conjugates. There are no penguin contributions to 
these decays. One can easily see that 



where the ratio of hadronic amplitudes, A1/A2, includes the strong (but not the weak) 
phases, and is an unknown complex number that is expected to be of order unity. It 
is important for the feasibility of this method that |Vc6\4s| and iKjbKsl are both of 
order A'^, and so are comparable in magnitude. Measuring the four time dependent 




(95) 



48 



decay rates determine A^+^- and The ratio of unknown hadronic amplitudes, 

A1/A2, drops out from their product, 

^DtK- ^njK. - {y^^y.J {y.^yj {y^yj " e ■ (96) 

The first factor is the Standard Model value of q/p'm Bs mixing. The angles (3s and I3k 
defined in Eq. (18) occur in "squashed" unitarity triangles; I3s is of order and 13k is 
of order A"^. Thus we can get a theoretically clean measurement of 7 — 2/?s. 

In analogy with the above, the time dependent Bd — > D*^*^^7r^ rates may be used 
to measure 7 + 2/3, since \d+tt- ^d-t:+ — exp [—2^(7 + 2/3)]. In this case, however, 
the ratio of the two decay amplitudes is of order A^, and therefore the CP asymmetries 
are expected to be much smaller, at the percent level, making this measurement in B^ 
decays rather challenging. 

3.2.3 B± (D^, D^)K'^ and 7 

Some of the theoretically cleanest determinations of the weak phase 7 rely on 5 — > DK 
and related decays. The original idea of Gronau and Wyler was to measure two rates 
arising from b cus and b — > ucs amplitudes, and a third one that involves their inter- 
ference. ^^'^ Thus one can gain sensitivity to the weak phase between the two amplitudes, 
which is 7 in the usual phase convention. Assuming that there is no CP violation in the 
D sector (which is a very good approximation in the SM), and defining the CP-even 
and odd states as 




imply the following amplitude relations, 

V2A{B+ K+DX) = A{B+ K+D"") + A{B+ K+W) , 
\/2A{B- K-Dl) = A{B- R-D^ + A{B- R-D^) . (98) 

In the first relation, for example, P"*" — > R'^D^ is a 6 — > c transition, P+ — > R'^D^ 
is a 6 ^ M transition, and P"*" R'^D'^ receives contributions from both. Then 
the triangle construction in Fig. 19 determines the weak phase between the b ^ u 
and h ^ u transitions, which is 27 (in the usual phase convention). There is again 
a four-fold discrete ambiguity corresponding to the reflections of the triangles. Since 
all the quarks which appear in P — > DR decays have distinct flavors, the theoretical 
uncertainty arises only from higher order weak interaction effects (including, possibly, 
D — D mixing). There are again no penguin contributions, as in Sec. 3.2.2. 

In practice there are significant problems in the application of this method. Al- 
though the amplitudes in Eq. (98) are the same order in the Wolfenstein parameter, 
the triangles in Fig. 19 are expected to be squashed because | Kb/Kb I < A and the 
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Fig. 19. Relations between B"^ DK^ amplitudes that allow determination of 7. 



— > K^D^ decay is color suppressed. The "long" sides of the triangles have been 
measured, including reconstruction of the D in CP eigenstates.^^^ The amplitude ratio 
is estimated based on naive factorization as 



\A{B^ 



K+D^ 



\A{B^ 



K+D^\ 



V.hV* 



0.15, 



(99) 



where Nq = 3 is the number of colors. As a result, the measurement of — > 
K^D^) I using hadronic D decays is hampered by a significant contribution from the 
decay B^ — > K^D^, followed by a doubly Cabibbo-suppressed decay of the D^. 

This problem can be avoided by making use of large final state interactions in D 
decays. One can consider common final states of and decay, such that^^^ 



B+ 



fi doubly Cabibbo-suppressed , 
K+fi Cabibbo-allowed, (100) 



which reduces the difference of the magnitudes of the two interfering amplitudes. By 
using at least two final states (e.g., /i = K~t:^ and /2 = K~ p^) one can determine all 
strong phases directly from the analysis. 

It may be advantageous, especially if the amplitude ratio in Eq. (99) is not smaller 
than its naive estimate, to consider only singly Cabibbo-suppressed D decays. In this 
case the two final states can be K^K*^, corresponding to simply flipping the charge 
assignments, because the — > K^K*~ and K~K*^ rates differ significantly. 

This measurement is less sensitive to D^—D^ mixing than considering doubly Cabibbo- 
suppressed D decays. Moreover, all the modes that need to be measured for this 
method are accessible in the present data sets. 



3.3 Factorization in 6 ^ c decay 

Until recently little was known model independently about exclusive nonleptonic B de- 
cays. Crudely speaking, factorization is the hypothesis that, starting from the effective 
nonleptonic Hamiltonian, one can estimate matrix elements of four-quark operators by 



50 




Fig. 20. Illustration of factorization in B ^ Dn. Left: typical diagram in full QCD. 
Right: typical diagram in SCET at leading order in Aqcd/^^q- The C?) denotes the 
weak Hamiltonian, double lines are heavy quarks, gluons with a line through them are 
coUinear. (FromRef. [138].) 

grouping the quark fields into a pair that can mediate B ^ Mi decay (Mi inherits the 
spectator quark from the B), and another pair that can describe vacuum — > M2 transi- 
tion. For Ml = and M2 = tt, this amounts to the assumption that the contributions 
of gluons between the pion and the heavy mesons are either calculable perturbatively 
or are suppressed by Aqcd/"^q. 

It has long been known that if Mi is heavy and M2 is light, such as B^ — > D^*'>^-k~ , 
then "color transparency" may justify factorization. ^'^''"^'^^ The physical picture is that 
the two quarks forming the tt must emerge from the weak decay in a small (compared to 
Aqqj-,) color dipole state rapidly moving away from the D meson. At the same time the 
wave function of the brown muck in the heavy meson only has to change moderately, 
since the recoil of the D is small. While the order as corrections were calculated a 
decade ago,^^^ it was only shown recently, first to 2-loops^^^ and then to all orders 
in perturbation theory, that in such decays factorization is the leading result in a 
systematic expansion in powers of as(mQ) and Aqcd/^q- The factorization formula 
for B° ^ D(*)+7r- and B' D^*^°n- decay is^^^.iss 

{D^*^7r\Oi{iJo)\B) = iN^^) Fj^^jj(.) dxT{x, Ho, n) (l)^{x, n) . (101) 

where Oi,2 are the color singlet and octet operators in Eq. (83) that occur in the effective 
Hamiltonian in Eq. (82). Diagrams such as the one in Fig. 20 on the left give contri- 
butions suppressed by as or Aqcd/?W6, and the leading contributions (in AQco/^^fe) 
come only from diagrams such as the one in Fig. 20 on the right. At leading order, 
soft gluons decouple from the pion, and coUinear gluons with momenta scaling as 
{p~:P'^:P~^) ~ (^6) ^QCD, Aqcj^/mb) couple only to the hard vertex [see discussion 
around Eqs. (58) - (59)], giving rise to the convolution integral. 

In Eq. (101), N — {m\ — m|,)/4 and — mo* (e* • Pb) /2 are kinematic factors. 
There are several nonperturbative quantities, Fq_^^m is the B — > D^*^ form factor at 
— ml. measurable in semileptonic B D^*Hv decay, is the pion decay constant. 
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and (pT, is the pion light-cone wave function that describes the probability that one of 
the quarks has momentum fraction X in the pion. The T(^x, /io, /x) is a perturbatively 
calculable short distance coefficient. (Strictly speaking, T depends on a third scale, 
n', that cancels the //'-dependence of the Isgur-Wise function, ^{w,ijl'), which deter- 
mines Contrary to naive factorization, which corresponds to setting //q = rrib 
and T — 1, Eq. (101) provides a consistent formulation where the scale and scheme 
dependences cancel order by order in ag between the Wilson coefficients Ci(//o) and 
T{x, /io, /i) in the matrix elements. 

The proof of factorization applies as long as the meson that inherits the brown muck 
from the B meson is heavy (e.g., D^*\ Di, etc.) and the other is light (e.g., vr, p, etc.). 
The proof does not apply to decays when the spectator quark in the B ends up in the 
pion, such as color suppressed decays of the type B^ — > D°7r°, or color allowed decays 
of the type S° Djn'^. Annihilation and hard spectator contributions to all decays 
discussed are power suppressed if one assumes that tail ends of the wave functions 
behave as (Aqcd/"^&)" with a > 0. 

While the perturbative corrections in T{x, //q, A*) are calculable, little is known from 
first principles about the correction suppressed by powers of Aqcb/itiq. Some possi- 
bilities to learn about their size is discussed next. 

3.3.1 Tests of factorization 

It is important to understand quantitatively the accuracy of factorization in different 
processes, and the mechanism(s) responsible for factorization and its violation. Factor- 
ization also holds in the large number of colors limit (Nc oo with asN^ = constant) 
in all B M{ M2 type decays, with corrections suppressed by l/N^, independent of 
the final mesons. If factorization is mostly a consequence of perturbative QCD, then 
its accuracy should depend on details of the final state, since the proof outlined in the 
previous section relies on M2 being fast (m/E <^ 1), whereas the large- A^c argument 
is independent of this. It would be nice to observe deviations that distinguish between 
these expectations, and to understand the size of power suppressed effects. 

Of the nonperturbative input needed to evaluate Eq. (101), the B D'^*^ form 
factors that enter F^^jj(,) are measured in semileptonic B D^*^^ decay, and the 
pion decay constant /^r is also known. The pion light-cone wave function is (p^ix) = 
6,x(l — x) + . . ., where the corrections are not too important since these decays receive 
small contributions from x near or 1. Thus, in color allowed decays, such as 5° — > 
£)(*)+7r~ and D^*'>'^p~, factorization has been observed to work at the 10% level. These 
tests get really interesting just around this level, since we would like to distinguish 
between corrections suppressed by h-qcu / f^cb and/or l/N^. 

At the level of existing data, factorization also works in S — > £)(*)!)(*) decays, 
where both particles are heavy. It will be interesting to check whether there are larger 
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corrections to factorization in D^^^n^ decay than in 5° — D^*^^tt~ , since 

the former is expected to be suppressed in addition to \Vub/Vcb\^ by AqcD/rricb as 
^gjl 139,140 Pqj. |.gg|.^ measurement of the B — > 7r£P form factor is necessary. 
Another test involves decays to "designer mesons", such as — > (where 
d = ao , &i , 7r2, etc.), which vanish in naive factorization, so the order and Aqcd / nT'c,b 
terms are expected to be the leading contributions. 

One of the simplest detailed tests of factorization is the comparison of the 5° 
D(*)+7r- and L)(*)°7r- rates and isospin amplitudes. These rates are predicted 

to be equal in the rric i, ^ Aqcd limit, since they only differ by a power suppressed 
contribution to B^ D^*^'^'k~ when the spectator in the B ends up in the tt. Let's 
work this out for fun in detail. 



B ^ Dtz isospin analysis The initial B') and final {D+ , D°) are 7 = i 
doublets, the pions are in an 7 = 1 triplet. So Dt^ can be in 7 = | or | state, and the 
decomposition is 

I^V) = -y||(7^7r),=v2) + yf l(^^)/=3/2) , 

1^+^") - yf i(^^)/=i/2) + i(^7r),=3/2) , 

\D\-) = |(L>7r),=3/2). (102) 



The6 — > CMC? Hamiltonian is |7, 7^) = |1, —1). Similarto Sec. 3.1.1, we need to be care- 
ful with the relative normalization of the B^ and B~ decay matrix elements. The I — \ 
amplitude only occurs in B^ decay, and there is no subtlety. The I — \ amplitude oc- 
curs with different normalization in neutral and charged B decay: {B^ \ 77 1 (Dn) 1=3/2) — 
(l/v^)^3/2, while (5-|77|(7:)7r)7=3/2) = ^3/2- Thus the A3/2 = A3/2/VS amplitude 
in B^ decay needs to be multiplied by to get the normalization of the B~ decay 
amplitude right. We get 

^00 ^ ^(^u ^ ^u^u) ^ _ , ^ ^^^^ _^ / r A3/2 , 




= A(B- D\-) = ^3^3/2 . (103) 
This implies the triangle relation: 

^+- + \/2^°° = yl°-. (104) 

A prediction of QCD factorization in S — > Dn decay is that amplitudes involving 
the spectator quark in the B going into the tt should be power suppressed, ^^^'^^^ and 
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therefore, 

\^^l + o(^], (105) 
\A+-\ \ rricb J 

or in terms of isospin amplitudes, A1/2 — [1 + 0{AqcD/'mc,b)]- In this case 

the triangle in Eq. (104) becomes squashed, and the strong phase difference between 
the Ai/2 and As/2 amplitudes is suppressed, S1/2 — S3/2 — 0{h.qpT)/mc,b)- The experi- 
mental data are^"^^'^^^ 

16.5° < 5i/2 - ^3/2 < 38.1° (90% CL) . (106) 

The ratio of branching ratios is measured to be in the ballpark of 1 .8 also for D replaced 

by D* and vr replaced by p. These deviations from factorization are usually attributed to 
0(Aqcd/'^c) corrections, which could be of order 30% in the amplitudes and twice 
that in the rates. One could claim that the strong phase in Eq. (106) should be viewed 
as small, since 1 — cos 26° ~ 0.1 ^ 1. This is open to interpretation, as the answer 
depends sensitively on the measure used (and, for example, we think of the CKM angle 
(5 ^ 23.5° as order unity). 

Studying such two-body channels it is hard to unambiguously identify the source of 
the corrections to factorization. The problem is that the color suppressed contribution 
to the B~ — > D^7r~ is formally order 1/Ncin the large Nc limit, and order AgcD/^^cb 
in the heavy mass limit, which may be comparable. Factorization fails even worse in 
D — > Kti decays, however this does not show model independently that the corrections 
seen in B ^ Dn are due to Kqqd/^q effects, since the proof of factorization based 
on the heavy quark limit does not apply for D — » Kn to start with. It does indicate, 
however, that the large limit cannot be the full story. 

Factorization inB ^ D^*^X Another possibility to study corrections to factor- 
ization is to consider B — > D^*^X decay where X contains two or more hadrons. The 
advantage compared to two-body channels is that the accuracy of factorization can be 

studied as a function of kinematics for final states with fixed particle content, by exam- 
ining the differential decay rate as a function of the invariant mass of the light hadronic 
state X }'^'^'^'^^'^^^ If factorization works primarily due to the large Nc limit, then its 
accuracy is not expected to decrease as the invariant mass of X, nix, increases. How- 
ever, if factorization is mostly a consequence of perturbative QCD, then the corrections 
should grow with mx- Factorization has also been studied in inclusive B — > D'^*^X 
decay, and it was suggested that the small velocity limit (m^, mc^mb — mc^ Aqcd) 
may also play an important role in factorization. 

Combining data for hadronic r decay (which effectively measures the hadronization 
of a virtual W to X) and semileptonic B decay allows such tests to be made for a variety 
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Fig. 21. dT{B D*X)/Am\, where X = n+n-n-n^ (left) and X = ujtt (right), 
normalized to the semileptonic width T(B ^ D*£i'). The triangles are B decay data^ 
and the squares are the predictions using r data. (From Ref. [144].) 

of final states. Figure 21 shows the comparison of the B D*7r+7r~7r~7r° and D*ujtc~ 
data^''^ with the r decay^''^ data. The reason to consider the An final state is because the 
27r and Svr channels are dominated by resonances. The kinematic range accessible in 
r — s> 47r corresponds to 0.4 <m4^/£'4^ < 0.7 in _B — >^ 47r decay. A background to these 
comparisons is that one or more of the pions may arise from the CL'j^bL current instead 
of the d.L'j^^UL current. In the cun^ mode this is very unlikely to be significant.^''^ In 
the n^n^n^n^ mode such backgrounds can be constrained by measuring the B — > 
D*n^n^n^n^ rate, since n^n^n^n^ cannot come from the (IlJ^ul current. CLEO 
found S (5 D*n+n+n-n-)/B{B D* ti+ n^) < 0.13 at 90% CL in the 
m\ < 2.9 GeV^ region, consistent with zero. When more precise data are available, 
observing deviations that grow with mx would be evidence that perturbative QCD is 
an important part of the success of factorization m B D*X. 

3.4 Factorization in charmless B decays 

Calculating B decay amplitudes to charmless two-body final states is especially im- 
portant for the study of CP violation. There are two contributions to these decays 
shown schematically in Fig. 22. The first term is analogous to the leading term in 
B^ £)+7r^, while the second one involves hard spectator interaction. There are two 
approaches to factorization in these decays, which differ even on the question of which 
of the two contributions is the leading one in the heavy quark limit. 

§In this case the charged and neutral B decay rates do not differ significantly, B{B~ 
D*°n+n-n'n^) = (1.80 ± 0.36)% and ^(5° ^ D*+7r+TT-'7r-n°) = (1.72 ± 0.28)%.i'*^ Their 
ratio is certainly smaller then the similar ratio in Eq. (106), typical for B D'^*^'k and Z?^*'/? decays. In 
addition, B{B^ L)*°7r+7r+7r"7r") = (0.30 ± 0.09)% is small^''^ and sensitive to contiibutions when 
the spectator in the B does not end up in the D* . 
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Fig. 22. Two contributions to S — > tttt amplitudes (from Ref. [64]). 



Beneke et al. (BBNS) proposed a factorization formula 

(7r7r|Oi|S) = Fb^^ jdxT\x) + j d^dxdx' T'\i,x,x') MO M^) M^') , 

(107) 

and showed that it is consistent to first order in a^. The T's are calculable short dis- 
tance coefficient functions, whereas the 0's are nonperturbative light-cone distribution 
functions. Each of these terms have additional scale dependences not shown above, 
similar to those in Eqs. (60) and (101), which are supposed to cancel order-by-order in 
physical results. A major complication of charmless decays compared B — > Dn is that 
understanding the role of endpoint regions of the light-cone distribution functions is 
much more involved. BBNS assume that Sudakov suppression is not effective at the B 
mass scale in the endpoint regions of these distribution functions. Then the two terms 
are of the same order in Aqco/^fe, but the second term is suppressed by 

Keum et al. (KLS)^^^ assume that Sudakov suppression is effective in suppressing 
contributions from the tails of the wave functions, x ~ Aqcd/^?)- Then the first term 
[in Eq. (107) and in Fig. 22] is subleading and the second one gives the dominant con- 
tribution. This issue is related to Sec. 2.2.2, where an open question was the relative 
size of the two contributions to the B niP form factors in Eq. (60). These form fac- 
tors are calculable according to KLS (in terms of the poorly known B and tt light-cone 
wave functions), whereas they are nonperturbative inputs that can only be determined 
from data according to BBNS. 

The outstanding open theoretical questions are to prove the factorization formula to 
all orders in ag (this was claimed very recently ^■''^), to understand the role of Sudakov 
effects, and to find out which contribution (if either) is dominant in the heavy mass 
limit. Before these questions are answered, it is not clear that either approach is right. 
A complete formulation of power suppressed corrections is also lacking so far. 

Some terms that are formally order Aqcd/"^6 in the BBNS approach are known to 
be large numerically and must be included to be able to describe the data. These are the 
so-called "chirally enhanced" terms proportional to m\/ {nismi,), which are actually 
not enhanced by any parameter of QCD in the chiral limit, they are just (9(Aqcd), 
but happen to be large. The uncertainty related to weak annihilation contributions also 
needs to be better understood. Note that diagrams usually called annihilation cannot be 



56 



Experimental 


Theoretical Predictions 


World 


Observable 


BBNS 


KLS 


Average 




0.3-1.6 


0.3 - 0.7 


U.Zo zt U.U4 


B{7i^K^) 
2B{7rOK^) 


0.9-1.4 


0.8-1.05 


1 fi _|_ fi o 


2i3(7r0i^±) 
B{n^KO) 


0.9-1.3 


0.8-1.6 


1.3 ± 0.2 


tb± Bin^K^) 
tbo Bin^RO) 


0.6-1.0 


0.7-1.45 


l.liO.l 


Tb± B{ti~^7i~) 
Tbo 2B(7r±7rO) 


0.6 - 1.1 




0.56 ±0.14 



Table 5. Experimental data and theoretical predictions/postdictions for ratios of S — > 
TTTT, Kn branching ratios (from Ref. [42]). 

distinguished from rescattering. The S° — > DgK data^^^ seems to indicate that these 
are not very strongly suppressed. 



3.4.1 Phenomenology of B ^ tttt, Kn 

While the two approaches discussed above yield different power counting and some- 
times different phenomenological predictions, so far the results from both groups fit (or 

could be adjusted to fit) the data on charmless two-body B decays. It has also been 
claimed that the effects of charm loops are larger than predicted by either approach. ^^"^ 
Table 5 compares theory and data for ratios of certain charmless B decay rates. Con- 
clusive tests do not seem easy, and it will take a lot of data to learn about the accuracy 
of these predictions. Predictions for strong phases and therefore for direct CP violation 
are typically smaller in BBNS than in the KLS approach. More precise experimental 
data will be crucial. 

A CKM fit assuming BBNS and using the S — > tttt, Kn rates and direct CP asym- 
metries is shown in Fig. 23. It yields ap — rj region consistent with the "standard" CKM 
fits, although preferring slightly larger values of 7. Similar results might be obtained 
using the KLS predictions as inputs. A recent analysis including pseudoscalar-vector 
modes as well finds an unsatisfactory fit to the data.^^^ Note that if the lattice results for 

= {fB^Bss) / {fBiBsi) increase when light quark effects are fully understood, the 
possibility of which was mentioned in Sec. (1.5), and if the B^ mass difference is near 
the present limits, that would shift the "standard" fit to somewhat larger values of 7. 
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confidence level 





< 1 < 1 1 < 1 < 







10.9 
0.8 

- 0.7 
I 0.6 

!o.5 

- 0.4 

- 0.3 
I 0.2 

I: 



Fig. 23. Fit to charmless two-body B decays assuming BBNS (from Ref. [155]). 



Many strategies have been proposed to use SU{3) flavor symmetry to constrain 
CKM angles by combining data from several decay modes. For example, one might 
use a combination of B and Bg decays to vrvr, Kir, KK final states to gain sensitivity 
to 7 without relying on a complete calculation of the hadronic matrix elements. The 
basic idea is that Bd — > tt+tt^ and Bg K^K^ are related by U -spin, that exchanges 
d ^ s. \n such analyses one typically still needs some control over hadronic uncer- 
tainties that enter related to, for example, first order SU{?)) breaking effects (f/-spin 
breaking is controlled by the same parameter, mg/ A^sb), rescattering effects, etc. The 
crucial question is how experimental data can be used to set bounds on the size of these 
uncertainties. Such analyses will be important and are discussed in more detail in Frank 
Wiirthwein's lectures. 



Summary of factorization 

• In nonleptonic B D^*^X decay, where X is a low mass hadronic state, factor- 
ization is established in the heavy quark limit, at leading order in Aqcd / fng- 

• Some of the order Aqcd / mc corrections are sizable, and there is no evidence yet 
of factorization becoming a worse approximation mB ^ D^*^X as mx increases. 

• In charmless nonleptonic decays there are two approaches: BBNS and KLS. Dif- 
ferent assumptions and power counting, and sometimes different predictions. 

• Progress in understanding charmless semileptonic and rare decay form factors in 
small region will help resolve power counting in charmless nonleptonic decay. 

• New and more precise data will be crucial to test factorization and tell us about 
significance of power suppressed contributions in various processes. 
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3.5 Final remarks 



The recent precise determination of sin 2/5 and other measurements make it very likely 
that the CKM contributions to flavor physics and CP violation are the dominant ones. 
The next goal is not simply to measure p and r], or a and 7, but to probe the flavor 
sector of the SM to high precision by many overconstraining measurements. Measure- 
ments which are redundant in the SM but sensitive to different short distance physics 
are very important, since correlations may give additional information on the possible 
new physics encountered (e.g., comparing Ams/Am^ with B{B — > Xsi'^i~)/B{B — > 
X^i'^i') is not "just another way" to measure 

Hadronic uncertainties are often significant and hard to quantify. The sensitivity to 
new physics and the accuracy with which the SM can be tested will depend on our abil- 
ity to disentangle the short distance physics from nonperturbative effects of hadroniza- 
tion. While we all want small errors, the history of reminds us to be conservative 
with theoretical uncertainties. One theoretically clean measurement is worth ten dirty 
ones. But what is considered theoretically clean changes with time, and there is sig- 
nificant progress toward understanding the hadronic physics crucial both for standard 
model measurements and for searches for new physics. For example, for (i) the deter- 
mination of I Kb I from inclusive B decay; (ii) understanding exclusive rare decay form 
factors at small q^; and (iii) establishing factorization in certain nonleptonic decays. 

In testing the SM and searching for new physics, our understanding of CKM pa- 
rameters and hadronic physics will have to improve in parallel. Except for a few clean 
cases (like sin 2/?) the theoretical uncertainties can be reduced by doing several mea- 
surements, or by gaining confidence about the accuracy of theoretical assumptions. 
Sometimes data may help to constrain or get rid of nasty things hard to know model 
independently (e.g., excited state contributions to certain processes). 

With the recent spectacular start of the B factories an exciting era in flavor physics 
has begun. The precise measurements of sin 2/3 together with the sides of the unitarity 
triangle, \ Vub/Vcb\ at the e+e" B factories and | V^td/\4s| at the Tevatron, will allow us to 
observe small deviations from the Standard Model. The large statistics will allow the 
study of rare decays and to improve sensitivity to observables which vanish in the SM; 
these measurements have individually the potential to discover physics beyond the SM. 
If new physics is seen, then a broad set of measurements at both e+e~ and hadronic B 
factories and K — > nuP may allow to discriminate between classes of models. It is a 
vibrant theoretical and experimental program, the breadth of which is well illustrated 
by the long list of important measurements where significant progress is expected in 
the next couple of years: 

• the Tevatron should nail it, hopefully soon — will all the lattice sub- 

tleties be reliably understood by then? 
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• 13: reduce error in (j)Ks, rj'Ks, and KKK modes — will the difference from S^k 
become more significant? 

• /9s: is CP violation in Bg — > indeed small, as predicted by the SM? 

• Rare decays: B — > near theory limited; more precise data on distribution 
in S — > Xst^(,~ will be interesting. 

• iKbh reaching < 10% would be important. Need to better understand \ Vcb\ as 
well; could be a BABAR/BELLE measurement unmatched by LHCB/BTeV. 

• a: Is the 7r+7r~7r° Dalitz plot analysis feasible — are there significant resonances 
in addition to pnl How small are B{B 7r°7r°) and B{B p°7r°)? 

• 7: the clean modes are hard — need to try all. Start to understand using data the 
accuracy of SU (3) relations, factorization, and related approaches. 

• Search for "null observables", such as acp{h ^ 57), etc., enhancement of B^^g — > 

B lu, etc. 

This is surely an incomplete list, and I apologize for all omissions. Any of these 
measurements could have a surprising result that changes the future of the field. And it 
is only after these that LHCB/BTeV and possibly a super-S -factory enter the stage. 

3.5.1 Summary 

• The CKM picture is predictive and testable — it passed its first real test and is 
probably the dominant source of CP violation in flavor changing processes. 

• The point is not only to measure the sides and angles of the unitarity triangle, 
(p, rj) and {a, /3, 7), but to probe CKM by overconstraining it in as many ways as 
possible (large variety of rare decays, importance of correlations). 

• The program as a whole is a lot more interesting than any single measurement; all 
possible clean measurements, both CP violating and conserving, are important. 

• Many processes can give clean information on short distance physics, and there is 
progress toward being able to model independently interpret new observables. 
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